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HIGHLIGHTS
e Statistical models can be used to determine the optimal dietary concentration of metabolizable energy for broiler chickens.
o Different regression models can lead to distinguished interpretations of dietary energy recommendations.
e Quadratic polynomial regression model fit best the data in the grower phase for optimal feed conversion ratio (FCR).
e Linear response plateau model best fit the data in the finisher phase for optimal FCR.
ARTICLE INFO ABSTRACT
Keywords: The formulation of diets that adequately meet energy requirements in the different phases of broiler chicken
Broiler chickens production is of the utmost importance. The objective of this study was to determine the optimal content of
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metabolizable energy (ME) for broiler chickens in various production phases using different statistical models. A
total of 900 broiler chickens were assigned to 5 treatments with 9 replicates of 20 broiler chickens each from 21
to 42 d of age in a completely randomized design. Experimental diets were based on corn and soybean meal and
formulated to meet the nutritional requirements of broiler chickens, except for ME requirements. Dietary
treatments consisted of 5 pelleted/crushed diets with increasing levels of ME: T1 to T5 (2,850 to 3,250 kcal/kg),
divided into grower (21 to 35 d) and finisher (35 to 42 d) phases. Feed intake (FI), body weight gain (BWG), feed
conversion ratio (FCR), total energy intake, efficiency of energy use for BWG, and carcass and cuts yields were
determined. The ideal ME content for best FCR was determined with the use of quadratic polynomial (QP),
segmented, and linear response plateau models (LRP). In all evaluated periods, BWG was not influenced by ME,
whereas FI and FCR decreased linearly with increasing ME. Total energy intake increased and the energy use
efficiency for BWG decreased with greater ME (P < 0.05). Neither carcass nor cuts yields were influenced by
dietary ME. The ideal dietary ME content differed between statistical models. In conclusion, based on FCR re-
sults, the QP regression model presented the best fit of the data in the grower phase, indicating an optimal
content of metabolizable energy for feed conversion of 3,264 kcal/kg, whereas LRP presented the best data
adjustment in the finisher phase, indicating 3,224 kcal/kg of ME as optimal.

1. Introduction dietary cornerstone components (Sakomura and Rostagno, 2007) and
represents a major cost factor in feed formulation (Mendes et al., 2004).

The genetic improvement of commercial broiler chickens has ulti- The preparation of diets that meet energy requirements of broiler
mately resulted in better productive performance characteristics and chickens as they undergo different phases of production is critical; the
carcass quality, although at the cost of increased nutritional re- age of broiler chickens is a determining factor for the efficiency of diet
quirements. Energy is not a nutrient but is considered as one of the utilization, as older broiler chickens may present greater nutrient
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digestibility due to the greater development of the digestive tract (Mello
et al., 2009); thus, improving energy and nutrient utilization.

Poultry industry professionals are on a constant search for means to
assist in the preparation of balanced diets, such as the statistical models
typically used to determine optimal nutrient concentrations. In poultry
production, linear models are often used for such purpose (Nunes et al.,
2015; Pompeu et al., 2013) because of their convenient use in statistical
programs and easy interpretation of results (Oviedo-Rondon and
Waldroup, 2002; Pack et al., 2003). Other statistical models worth
mentioning are the quadratic polynomial (QP), linear response plateau
(LRP), and segmented models.

The QP regression model is commonly used in agricultural research
due to its simplicity in performing the calculations and easy interpre-
tation of biological phenomena (Nunes et al., 2004). It is characterized
by a graph parabola of either increasing or decreasing order depending
on the independent variable analyzed, indicating a maximum or mini-
mum point. The LRP regression model combines linear responses with
plateau points. In this model, the animal’s response to increasing doses
of limiting nutrients in the diet will go up until reaching a plateau, after
which it becomes constant. Similarly, there is the also the segmented
model. Both the LRP model and the segmented model are discontinuous,
i.e., they form a new segment after the so-called “break point” - the
segmented model may generate a new line, curve or plateau, whereas
the LRP will necessarily generate a plateau (Portz et al., 2000; Sako-
mura and Rostagno, 2007).

The various statistical models and their intrinsic characteristics can
generate conflicting results when estimating optimal inclusion rates of
energy and nutrients or feed additives to poultry diets (Siqueira et al.,
2009). Added to a lack of standardization regarding the selection of
adequate models and a lack of proper evaluation of the models through

Table 1
Calculated nutritional composition of experimental diets.
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statistical criteria, this can lead to a suboptimal energy utilization and
impaired growth performance. The objective of this study was to eval-
uate the adequacy different statistical models used to determine the
optimal dietary concentration of ME for broiler chicken diets during
grower (21 to 35 d) and finisher (35 to 42 d) periods.

2. Material and methods
2.1. Animal husbandry and facilities

The study was conducted at the Brazilian Agricultural Research
Corporation (Embrapa) Swine & Poultry facilities (Concérdia, SC,
Brazil) and was carried out following the approval by the Ethics Com-
mittee on Animal Use of Embrapa Swine and Poultry. A total of 900 one-
day-old male broiler chickens (Cobb 500; Cobb Brazil Ltda, SP, Brazil)
were housed in 45 pens (2.06 m?) with wood shavings as litter, equipped
with a tubular feeder and nipple drinkers. Water and feed were provided
ad libitum. Maximum and minimum thermometers were used to check
the temperature daily. A continuous lighting program was set for the
first 24 h, and the hours of light/day were gradually decreased ac-
cording to the Cobb Broiler Management Manual (Cobb-Vantress,
2013). The room temperature was set to 32 °C at d 0 and weekly reduced
to approximately 18 °C on d 42 of the experiment. The pens were
inspected daily for removal of dead and culled broiler chickens, whose
weight was used to adjust performance variables.

2.2. Experimental design and diets

A completely randomized design was conducted, with 5 treatments
and 9 replications of 20 broiler chickens each. From 0 to 21 d of age, all

Ingredients (%) Grower phase

Finisher phase

Metabolizable energy (kcal/kg)

Metabolizable energy (kcal/kg)

2850 2950 3050 3150 3250 2850 2950 3050 3150 3250
Corn (7.5% crude protein) 56.00 56.00 56.00 56.00 56.00 59.04 59.04 59.04 59.04 59.04
Soybean meal (45% crude protein) 33.13 33.13 33.13 33.13 33.13 31.08 31.08 31.08 31.08 31.08
Soybean oil 2.34 3.48 4.61 5.75 6.89 1.76 2.90 4.03 5.17 6.31
Inert substance’ 5.00 3.86 2.73 1.59 0.45 5.00 3.86 2.73 1.59 0.45
Dicalcium phosphate 1.26 1.26 1.26 1.26 1.26 1.01 1.01 1.01 1.01 1.01
Limestone 0.87 0.87 0.87 0.87 0.87 0.81 0.81 0.81 0.81 0.81
Sodium chloride 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45
DL-Met 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22
Mycotoxin adsorbent 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
L-Lys 0.18 0.18 0.18 0.18 0.18 0.19 0.19 0.19 0.19 0.19
Vitamin premix” 0.10 0.10 0.10 0.10 0.10 0.07 0.07 0.07 0.07 0.07
Mineral premix’ 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
L-Thr 0.08 0.08 0.08 0.08 0.08 0.06 0.06 0.06 0.06 0.06
Choline chloride 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Antoxidant” 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Coccidiostatic® 0.05 0.05 0.05 0.05 0.05 - - - - -
Colistin® 0.01 0.01 0.01 0.01 0.01 - - - - -
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Calculated composition
Metabolizable energy, kcal/kg 2850 2950 3050 3150 3250 2850 2950 3050 3150 3250
Crude protein,% 19.19 19.19 19.19 19.19 19.19 18.46 18.46 18.46 18.46 18.46
Ca,% 0.73 0.73 0.73 0.73 0.73 0.64 0.64 0.64 0.64 0.64
Digestible P,% 0.35 0.35 0.35 0.35 0.35 0.30 0.30 0.30 0.30 0.30
Total P,% 0.59 0.59 0.59 0.59 0.59 0.54 0.54 0.54 0.54 0.54

! Kkaolin (Mineracao Itapeva Ltda.).

2 provided per kilogram of the diet, Grower phase: vitamin A: 9000 IU; vitamin D3, 2500 IU; vitamin E, 20 IU; vitamin K3, 2.5 mg; vitamin B1, 1.5 mg; vitamin B2, 6
mg; vitamin B2, 6 mg; vitamin B6, 3 mg; vitamin B12, 12 mcg; pantothenic acid, 0.012 g; niacin, 0.025 g; Folic acid, 0.8 mg; biotin, 0.06 mg. Finisher phase: vitamin A:
6300 IU; vitamin D3, 1750 IU; vitamin E, 14 IU; vitamin K3, 1.75 mg; vitamin B1, 1.05 mg; vitamin B2, 4.2 mg; vitamin B2, 4.2 mg; vitamin B6, 2.1 mg; vitamin B12,
8.4 mcg; pantothenic acid, 0.008 g; niacin, 0.018 g; folic acid, 0.56 mg; biotin, 0,04 mg.

3 Provided per kilogram of the diet: Cu: 0.01 g; Fe, 0.05 g; Mn, 0.08 g; Co, 10 mg; I, 10 mg; Zn, 0.05 g; Se, 0.25 mg.

4 Butylated hydroxytuolene 98% - BHT (Impextraco, Curitiba, PR, Brazil).

5 Sodium monensin (Coban; Elanco Animal Health, Indiana, US).
6 Colistin 4800 WP (Kepro, Woerden, Netherlands).
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broiler chickens received the same basal diet. Afterwards, the broiler
chickens were fed 1 of 5 experimental diets formulated with increasing
levels of ME (modified via the inclusion rate of soybean oil), being 2850,
2950, 3050, 3150, and 3,250 kcal/kg (Table 1). The experimental period
was divided into grower (21 to 35 d) and finisher (35 to 42 d) phases.

Diets were based on corn and soybean meal and met the nutritional
requirements of broiler chickens on each phase, except for ME, which
varied according to the treatments. The diets were pelleted using a pellet
mill (Koppers Jinior C40; Koppers Company, Inc. Pittsburgh, PA, US)
with capacity of 3 t/h operating with pressure of 2.4 kgf/cm? and
conditioned at a temperature of 68 to 70°C for 15 s.

2.3. Growth performance

At d 21, all broiler chickens were weighed individually and the
average live weight at the beginning of the experiment was 901 + 21 g.
Collected body weight, feed allowance, and feed refusal on d 21, 35, and
42 were used to calculate body weight gain (BWG), feed intake (FI), and
feed conversion ratio (FCR). Total energy intake (TEI) was calculated for
each period using FI and dietary energy content. Dietary energy utili-
zation efficiency (EEWG) was determined as the ratio between energy
intake and BWG, expressed as calorie intake per gram of BWG
(Gopinger et al., 2017).

2.4. Carcass yield

At d 42, 2 broiler chickens per experimental unit (totaling 90) were
randomly chosen and weighed. The broiler chickens were electrically
stunned and killed after fasting for 12 h and subsequently plucked,
eviscerated, and stored for 24 h in a cooling chamber (0 to 5°C). After
cooling, the carcasses were weighed and cut to determine carcass yield,
breast yield, and abdominal fat percentage. The carcass yield was
calculated as the difference between the weight of the cooled carcass
and the live weight; the parts yield was calculated in relation to the
carcass weight and expressed as a percentage.

2.5. Statistical models

To determine the optimal ME content, the data were adjusted using
the QP and LRP regression models and segmented model, considering
the FCR as the dependent variable and dietary ME content as the inde-
pendent variable.

The evaluated models were as follows:

1 QP: Y =BO0 + p1X + p2x2, where: Y = dependent variable; X = is the
ME dietary content; fO = intercept; f1 = coefficient and f2 =
quadratic coefficient. The optimal ME content is obtained by: -$1/(2
X B2).

2 LRP: Y = 0 + p1*(X - V), if (X < = V), where B0 is intercept of the
maximum response; pl is the slope of the straight line before the
breakpoint, and (X < = V) is a Boolean expression (Gris and
Schneider, 1993), as in: (X < = V) = 1 only if X, the dietary ME
dietary, is less than or equal to V, the ME at the breakpoint of the
function. (X < or = V) = 0 if X is greater than V.

3 Segmented regression: Y =0 + f1*X *(X < =V) + (B1*V 4 p2 * (X -
V)) * (X > V), where 0 is intercept; p1 is the slope of the line before
the breakpoint, and B2 is the slope of the line after the breakpoint.
The terms (X < = V) and (X > V) are Boolean expressions, as in: (X >
V) =1 only if X, the ME dietary content, is greater than V, the ME at
the breakpoint of the function. (X > V) = 0 if X less than V. Similarly,
(X<=V)=1onlyifXislessthanorequaltoVand (X <=V)=0ifX
is greater than V.

The evaluation parameters used for assessing the model that pro-
vided the best fit to the data were R2, with values closer to 1 meaning a
better fit to the data, Akaike’s Information Criterion (AIC), and residual
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sum of squares (RSS). For both AIC and RSS, the model with the lowest
values was considered the most adequate (Emiliano et al., 2009;
Siqueira et al., 2009).

2.6. Statistical analyses

The assumptions of normality and homoscedasticity (Shapiro-Wilk &
Levine) were first tested and met. Growth performance and carcass yield
variables were subjected to simple linear (L) and QP regression analyses
considering P < 0.05. An analysis of variance was performed (P < 0.05)
to evaluate the behavior of the models with the simple L regression. All
statistical procedures were conducted in RStudio for R language (R Core
Team, 2015).

3. Results
3.1. Growth performance and carcass and parts yield

The growth performance variables for the growing (21 to 35 d) and
finisher (35 to 42 d) periods are presented in Table 2. During all
experimental periods, the FI, BWG, FCR, TEI, and EEWG had similar
responses; BWG was not influenced by the increasing ME levels, whereas
FI, FCR and EEWG showed a linear response (P < 0.05). The FI and FCR
were linearly decreased with increasing ME levels and EEWG had a
linear increase with increasing inclusion of ME. For TEI, a quadratic
effect was observed during growing period and linear effect during the
finisher period. In the grower period, there was a reduction in ITE in the
dietary treatment with 2,950 kcal/kg, but later increased significantly
when broiler chickens were fed diets with 3150 and 3,250 kcal/kg. In
the finisher period, TEI increased linearly with increasing ME levels.
There was no effect of the different dietary ME content on the carcass
yield nor parts yield variables (Table 3).

3.2. Determination of optimal ME content for FCR

Recommendations of optimal ME for HRR in the evaluated periods
are presented in Table 4. During the grower period, the optimal levels
indicated for HRR were 3.264, 3.105 and 3.182 kcal/kg for QP,
segmented and LRP regressions, respectively. When evaluating the
adjustment of the data, similar results were obtained for R*> and RSS
between the models, differing only for the AIC, because the QP regres-
sion presented the lowest value of AIC. In the finisher period, the
optimal ME content estimated by the QP, segmented, and LRP models
for best FCR were respectively 2814, 2963 and 3,224 kcal/kg. As for the
evaluation parameters, similar results were observed among the models
for R? and RSS, whereas the lowest AIC value was observed in the LRP
regression. The behavior of the statistical models was different from the
simple linear model in the growing and finisher periods (P < 0.05,
Figs. 1 and 2).

4. Discussion
4.1. Growth performance and optimal ME content

The ingestion of feed by broiler chickens is regulated by several
physiological, environmental, and nutritional factors; among the nutri-
tional factors, the dietary ME content stands out. In the present study, FI
was reduced by the increasing energy concentration in the diets,
evidencing that broiler chickens can regulate their feed consumption
according to the energy intake, and lower or greater FI is expected when
energy content is above or below the recommendations, respectively
(Barbosa et al., 2008; Gopinger et al., 2017; Nascimento et al., 2011).
Similar results were observed by Ferreira et al. (2015) when evaluating
six increasing levels of ME (2800, 2900, 3000, 3100, 3200 and 3,300
kcal/kg) in diets for male and female broiler chickens from 1 to 42 d,
reporting a reduction on FI when increasing dietary energy. Alvarenga
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Table 2
Growth performance of broiler chickens fed different levels of metabolizable energy from 21 to 42 d of age.
Phase (d) Variable' Metabolizable energy (kcal/kg) SEM” P-value
2850 2950 3050 3150 3250

21 to 35 FI (g)‘i 2.33 2.25 2.19 2.16 2.15 15.08 <0.001
BWG (g) 1.41 1.39 1.40 1.39 1.39 12.08 0.814
FCR (g:g)4 1.67 1.62 1.57 1.54 1.53 0.01 <0.001
TEI (keal)® 6.64 6.62 6.67 6.81 6.98 46.20 <0.001
EEWG (kcal:g)b 4.74 4.75 4.79 4.85 4.98 0.03 <0.001

35 to 42 FI (g)7 1.56 1.49 1.47 1.44 1.40 13.27 <0.001
BWG (g) 761 735 738 752 746 10.89 0.312
FCR (g:g)’5 2.07 2.05 1.99 1.94 1.87 0.02 <0.001
TEI (kcal)’ 4.45 4.38 4.49 4.54 4.54 40.36 <0.001
EEWG (keal:g)"’ 5.89 6.05 6.16 6.06 6.11 0.07 <0.001

1 FI feed intake; BWG: Body weight gain; FCR: Feed conversion ratio; TEL Total energy intake; EEWG: Energy efficience for weight gain.

2 Standard error of the mean.

3 Linear effect (P = 0.001): 2348.7 - 44.9x; (R* 0.90).

* Linear effect (P = 0.001) FCR: 1.68 —0.034x; (R%: 0.94).

5 Quadratic effect (P = 0.002) TEL 6721.2 - 115.56x + 33.64x2; (R% 0.99).

S Linear effect (P = 0.003) EEWG: 4.64 + 0.058x; (R% 0.87).

7 Linear effect (P = 0.001) FI: 1583.6 - 37.2x; (R 0.94).

8 Linear effect (P = 0.001) FCR: 2.13 - 0.049x; (R 0.96).

9

Linear effect (P = 0.009) TEL 4381.4 + 33.6x; (R%: 0.64).
10 Linear effect (P = 0.012) EEWG: 5.91 + 0.044x; (R% 0.48).

Table 3
Carcass and cuts yields of broiler chickens fed increasing levels of metabolizable
energy from d 21 to 42.

Variable (%) Metabolizable energy (kcal/kg) SEM' P-
2850 2050 3050 3150 3250 value
Carcass 80.99 80.58 80.07 80.84 80.09 0.35 0.184
Breast 34.76 34.66 34.50 34.70 33.71 0.44 0.888
Thigh + 28.89 29.08 29.12 29.15 29.28 0.22 0.402
Drumstick

Abdominal fat 1.37 1.42 1.52 1.54 1.48 0.09 0.597

! Standard error of the mean.

Table 4

Use of different statistical models to determine optimal metabolizable energy
content in broiler chickens diets for optimum feed conversion ratio from d 21 to
42.

Phase Model' Criteria for data fit* Optimal ME content (kcal/
d k
@ AIC R2  Rss ®
21 to 35 QP —187.93 0.80 0.03 3264
Segmented —185.31 0.80 0.03 3105

LRP —187.06 0.80 0.03 3182

35 to 42 QP —111.40 0.74 0.04 2814
Segmented —114.40 0.74 0.04 2963
LRP -115.57 0.74 0.04 3224

! QP: Quadratic polynomial; LRP: Linear response plateau.
2 AIC: Akaike Information Criterion; R?% Coefficient of determination; RSS:
Residual sum of squares.

et al. (2011) also observed a reduction in FI when broiler chickens were
fed the highest concentration of apparent ME.

Raising ME content in the diet also increased TEI during the evalu-
ated periods, even though a reduction in FI of 182 g and 164 g was
observed when increasing energy concentration from the lowest (2850
kcal/kg) to the highest (3250 kcal/kg) levels during the grower and
finisher periods, respectively. It was expected that the greater FI recor-
ded for the lower energy diets could equalize TEI compared to the
groups fed the higher energy diets, although this might have not
occurred due to a physical gastric limitation. The lowest TEI seen with
2,950 kcal/kg may be related to the sharp decrease in FI between 2850
and 2,950 kcal/kg treatments, reduced by 85 and 75 g between phases.

Comparing other treatments to the 2,850 kcal group, the reduction of FI
was subtler, averaging 32 and 27 g during grower and finisher phases,
respectively.

Several studies (Aratjo et al., 2005; Moreira et al., 2012; Savoldi
et al., 2012; Zhao and Kim, 2017) reported that increasing the energy
content of diets favors BWG, but in the current study, no influence of
dietary ME on BWG was observed throughout the different phases.
Alvarenga et al. (2011), Duarte et al. (2012) and Rodriguez et al. (2016)
also found no difference in the BWG of broiler chickens fed with
different energy concentrations. This likely implies that the regulation of
FI according to ME content helped sustain an adequate BWG.

The EEWG worsened when increasing ME content during both pha-
ses. This could be explained by the fact that there was no difference in
BWG between treatments, even though TEI was significantly increased
with higher inclusion of ME, especially for diets with 3150 and 3,250
kcal/kg. The highest energy contents probably led to an imbalance of
energy and protein ratio, leading to a lower supply of amino acids for
protein synthesis that diminished the efficiency of lean tissue deposition
(Duarte et al., 2007). This could also explain the lack of response in BWG
to the high ME diets. Therefore, broiler chickens fed diets with the
lowest ME content were perceived as more efficient in utilizing dietary
energy, as they used less energy per g of BWG.

Raising the dietary energy content of poultry has been demonstrated
to have positive effects on FCR (Dozier et al., 2011). In the current study,
FCR was reduced with the increase in energy concentration due to a
lower FI, even though higher ME resulted in worse EEWG. Similar re-
sults were reported by Abudabos et al. (2014), who assessed increasing
energy levels (2925, 2950, 2975 and 3,000 kcal/kg) for broiler chickens
from 1 to 35 d of age and correlated the best FCR results to the highest
energy levels. Ge et al. (2019) investigated the growth performance of
starting broiler chickens fed two energy levels (2940 and 3,030 kcal/kg),
showing that a higher energy content reduced FCR.

When determining the appropriate ME content for optimal FCR, it
was observed that the indications differed between the statistical models
for all the evaluated periods. This outcome was foreseeable due to the
different parameters used in each models’ equations, despite all using
the same database (Pesti et al., 2009). Some models may be more sen-
sitive to data variation, as it is the case for QP model, where the number
of levels tested and the location of such levels in the different stages of
response (initial, response, stabilization, and toxic) to the increase of a
dietary nutrient will directly influence the estimated optimal concen-
tration, usually tending to an overestimation (Euclydes and Rostagno,
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Fig. 1. Response curves of different statistical models for feed conversion ratio of broiler chickens from d 21 to 35. Equations: QP (Quadratic polynomial): 10.04 -
0.005214 * X + (0.000000799) * X% Segmented: 3.04 - 0.00048 * X * (X < = 3105) - 0.00048 * 3,105 + 0.00043 * (X-3105) * X > 3105; LRP (Linear response
plateau): 1.52 - 0.000453 * X — 3182, if X < = 3182.
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Fig. 2. Response curves of different statistical models for feed conversion ratio of broiler chickens from d 35 to 42. Equations: QP (Quadratic polynomial): 5.84 +

0.005609 * X — 0.000001 * X2 Segmented: 2.07 — 0.000006 * X * (X < = 2963) — 0.000006 * 2963 - 0.00061 * (X - 2963) * X > 2963; LRP (Linear response plateau):
1.52 - 0.000453 *(X — 3182), if X < = 3182.

2001; Souza et al., 2014). In discontinuous models, such as LRP and being tested are close to the true requirement, especially during the
segmented, the number of levels has a lesser impact, being mostly stages of response and stabilization (Souza et al., 2014).

influenced by the position of the levels in the different stages of In this study it was observed that of all statistical models, the QP
response. The results are more reliable when the concentrations or doses regression model indicated the highest ME content for FCR in all
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evaluated phases, reinforcing another one of its characteristics: over-
estimating optimal concentrations. In the growth phase, the model that
best fitted the data was the QP, with the lowest AIC value, although R?
and RSS were similar among all evaluated models. The optimal ME
content predicted by the QP model was 3,264 kcal/kg for an optimal
FCR of 1.53. The optimal ME content for maximum performance indi-
cated by the LRP model approached the recommended 3,150 kcal/kg by
Rostagno et al. (2017) for average performance male broiler chickens
from 22 to 33 d Similarly, Rodriguez et al. (2016) evaluated four ME
levels (3040, 3080, 3120, and 3,160 kcal/kg) and reported best FCR in
both grower and finisher broiler chickens when feeding 3,120 kcal/kg.

In the finisher period, the established values of R? and RSS were
similar between all models and only AIC values were distinct: LRP was
acknowledged as the best model for this phase because of its lowest AIC,
indicating an ME content of 3,224 kcal/kg for optimum FCR of 1.89.
This result was very close to that of Rostagno et al. (2017) who
recommend a ME content of 3,200 kcal/kg for male broiler chickens of
average performance from 34 to 42 d of age.

Feed conversion ratio had a decreasing linear pattern in both phases,
so the procedures of each statistical models tested were also compared to
the L regression. Unlike other models, the L regression is not recom-
mended when trying to determine optimal nutrient inclusion rates or
ingredient doses, as it is characterized by a straight line representing a
set of points that follow a single direction - the angle never changes
(Martins, 2019), so there are no "break" or "rupture" points, thus it
cannot predict an optimal value. All three models (QP, LRP and
segmented) were statistically different from the L regression for all
phases in this study and hence can be properly used for determining
optimal values. The main objective of dose-response studies is to esti-
mate an optimal dose or concentration within the range of values being
tested, even when assuming there are innate differences between the
statistical models. When using these models to determine the optimal
inclusion rate of a diet component, it is primordial to consider the sta-
tistical criteria. However, it is equally important to balance the obtained
results with biological and economical factors.

4.2. Carcass yield

Increasing dietary ME can provide positive results for growth per-
formance of broiler chickens, but when above the nutritional needs of, it
may negatively affect carcass characteristics (Mendes et al., 2004; Meza
et al., 2015). In this study, despite the imbalance between amino acids
and dietary energy concentration, which could have limited lean tissue
growth, carcass and cut yields were not influenced by different ME
content, indicating that even greater energy content was not high
enough to impact carcass characteristics. It is known that the genetic
advancement of commercial broiler chickens increases their energy and
nutritional requirements for maximum genetic expression (Gopinger
et al., 2017), especially for growth performance and carcass quality
traits.

The current study agrees with Meza et al. (2013) who found no
difference in carcass, breast, and thigh + drumstick yields when
increasing ME dietary levels from 2800 to 3,250 kcal/kg for
21-to-42-p-old broiler chickens. In a more recent study, Meza et al.
(2015) investigated increasing energy levels (3000, 3120, 3240, and 3,
360 kcal/kg) along with increasing lysine levels (0.8, 0.9, 1.0, and 1.1%)
for 35-t0-49-p-old broiler chickens, but still found a lack of effect of
different ME on carcass, breast, and thigh + drumstick yields, as well as
abdominal fat. Likewise, Abudabos et al. (2014) evaluated four energy
levels (2925, 2950, 2975, and 3,000 kcal/kg) in broiler chicken diets
and reported no significant differences for breast, thigh + drumstick,
and abdominal fat yields at 35 d of age.

5. Conclusion

Increasing ME levels up to 3,250 kcal/kg reduced FI and FCR in both
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grower and finisher broiler chickens, without affecting carcass yield.
The statistical models had different determinations of ME content for
optimal FCR according to the production phase. In the grower phase, the
QP regression model presented the best fit of the data estimating an
optimal dietary concentration of ME of 3,264 kcal/kg, whereas in the
finisher phase the LRP model had the best data adjustment, with an
estimated 3,224 kcal/kg of ME, making these the recommended con-
centrations of ME to reduce FCR of grower and finisher broiler chickens.
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