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ABSTRACT - An experiment was conducted to evaluate the effect of the intake of a 
mixture of fish and sacha inchi oils (iOM), organic selenium (iSe), and organic chromium 
(iCr) on egg pro duction (EP) and feed conversion ratio (FCR) of Isa Brown second-cycle 
laying hens (SCLH) for 16 weeks (91-106 weeks old). Egg production and FCR were 
evaluated using multivariate models that included conventional equations and artificial 
neural networks (ANN) to study multiple nutritional interactions as alternatives to 
univariate dose-response models. Based on the best models, iOM, iSe, and iCr levels 
were optimized, and a global sensitivity analysis was implemented to quantify their 
influence on EP and FCR. The modified logistic model was selected as the best strategy 
to represent EP. In the case of FCR, an ANN model with a feed-forward architecture and 
softmax transfer function was selected as the best alternative. One of the scenarios to 
simultaneously optimize EP (89.1%) and FCR (1.94 kg feed/kg egg) at 16 weeks of 
production was established with 3.3 g/hen·day of iOM, 0.132 mg/ hen·day of iSe, and 
0.176 mg/hen·day of iCr. However, optimization considering only FCR results in much 
lower optimal iCr levels (between 0.083 and 0.105 mg/hen·day) with a slight decrease 
in EP (87.9%). The global sensitivity analysis showed that iSe is an essential factor 
associated with the increase in EP, and iCr is the most influential factor for the decrease 
in FCR. When both criteria were taken into account simultaneously from a desirability 
function, iSe was the most critical factor.

Keywords: bird nutrition, egg laying, modeling, nonlinear model, sensitivity analysis, 
organic mineral

1. Introduction

Environmental, technological, and nutritional stressors are crucial in poultry production. Stress has 
been associated with a low feed conversion ratio (FCR), decreased daily growth, immunosuppression, 
and increased bird mortality (Surai and Fisinin, 2016a; Surai et al., 2019).

The main field of application of natural products is in the prevention of oxidation of animals and their 
products (Abd El-Hack et al., 2020; Abo Ghanima et al., 2020). Feed supplementation with natural 
antioxidants protects commercial layers against overproduction of free radicals and lipid peroxidation 
under stress conditions and maintains their health and performance (Surai and Kochish, 2019; 
Madkour et al., 2022).

Polyunsaturated fatty acids (PUFA) increase egg production (EP) in poultry due to modulation 
of the immune system and oxidative status (Alagawany et al., 2019). Increased intake of ω-3 PUFA 
would increase these fatty acids in phospholipids of cell membranes, which is expected to decrease 
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inflammatory responses (Nassef et al., 2019). Thus, fish oil and vegetable oils rich in ω-3 PUFA have 
been used to improve poultry’s health, weight gain, and FCR (Alagawany et al., 2019). Sacha inchi oil 
(SIO), a promissory source of vegetable PUFA, comprises approximately 34% ω-6 and 51% ω-3 PUFA 
(Maurer et al., 2012).

Minerals are essential nutraceuticals, required for the optimum general health and physiological 
functions, maintenance, and reproduction (Alagawany et al., 2021a, 2021b). The inclusion of selenium 
(Se) in poultry diets improves the immune and physical response of the mucosa of the small intestine, 
increasing its absorption and digestion (Madkour et al., 2015; He et al., 2020). Selenium has a vitamin 
E sparing role by enhancing its absorption from the gut and protecting the cell membrane fats from 
oxidative damage (Mir et al., 2018). 

Polyunsaturated fatty acids and Se can interact, possibly through the action of the GSH-Px enzyme, 
which plays an essential role in the regulation of prostaglandin biosynthesis from its precursor of 
arachidonic acid, which is responsible for the inflammatory response (Pappas et al., 2005).

Chromium (Cr) converts glucose into energy, which serves as fuel for protein synthesis, supports 
tissue growth and cell maintenance, increases serum insulin, and decreases the concentration of 
corticosterone and glucose (Siloto, 2014). Chromium also acts as an immunostimulating substance  
and exerts antioxidant effects, critical in laying hens exposed to climatic stressors (Sahin et al., 2018).

Second-cycle hens, due to their age and liver size, could be more efficient in converting linolenic acid 
to docosahexaenoic acid. In addition, antioxidant supplementation would modulate the elongation  
and enzymatic desaturation reactions, achieving a higher EP and a lower FCR (Fraeye et al., 2012).

Non-linear multivariate models can be used to evaluate the effect of multiple nutrients in the diet 
(Morales-Suárez et al., 2021). In this work, multivariate modeling, optimization, and sensitivity analysis 
were applied to study the effect of PUFA and organic minerals supplementation on EP and FCR of  
Isa Brown second-cycle laying hens (SCLH) during a productive cycle of 91 to 106 weeks of age.

2. Material and Methods

2.1. Animal care

The local bioethics committee (Act 03/2017) approved the experimental protocols for this research.

2.2. Fieldwork and experimental information

The fieldwork was conducted under environmental production conditions in San Pedro, Antioquia, 
Colombia (6°27'34" N latitude, 75°33'28" W longitude, and 2475 m asl), with an annual average 
temperature of 14 °C and relative humidity of 79%. A total of 1380 91-week-old Isa Brown SCLH were 
housed for 16 weeks (106 weeks old) in a caged-layer house of commercial design (Californian-type 
cages) under the molting and resting conditions reported by Morales-Suárez et al. (2021).

2.3. Experimental design

A central composite design was used to evaluate the effect of organic Se and Cr concentrations 
and an alternative source of fatty acids on both EP and FCR. The alternative source of PUFA was a 
mixture of 1:1 (w/w) of tuna and sacha inchi oils (OM) (Table 1), which was used in the partial or 
total substitution of palm oil in the diet (up to 3%) according to the experimental design. Organic 
Se and Cr from selenium yeast and chromium yeast, containing 1000 mg Se/kg and 1000 mg Cr/kg, 
respectively, were used for mineral supplementation.

Concentrations of three factors in the diet (OM, Se, and Cr) were combined using the experimental 
design. A design matrix with 23 treatments was determined combining five OM, Se, and Cr levels 
between 0-30 g/kg, 0.0-1.2 mg/kg, and 0.0-1.6 mg/kg, respectively. Five replicates were performed  
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per treatment in experimental units of 12 birds. A total of 1840 records (23 treatments × 5 replicates × 
16 weeks) were added during the fieldwork.

2.4. Diet formulation

According to the nutritional recommendations for laying hens proposed by Rostagno et al. (2011),  
a basal diet (Table 2) was formulated based on corn and soybean meal. The 23 experimental diets 
were obtained by supplementing the basal diet with OM as a replacement for palm oil, and Se and Cr as 
replacements for calcium carbonate. Diets were prepared weekly.

2.5. Production parameters

Egg production and FCR were calculated weekly for 16 weeks (91-106 weeks old). Egg production was 
calculated from the relation between the number of eggs and the number of birds per experimental 
unit; FCR was calculated from the kilogram of feed consumed divided by the kilogram of egg produced. 
Feed intake, egg weight, hen-housed eggs, and livability were registered daily. Feed intake was recorded 
and calculated as grams consumed over seven days, divided by the number of birds, and adjusted 
for mortalities; body weight was registered weekly; FCR was also expressed as the kilogram of feed 
consumed by the dozens of eggs produced; and the number of hen-housed eggs was calculated from 
the cumulative number of eggs divided by the number of hens that started to produce (hen housed).

For data analysis, the OM, Se, and Cr levels were expressed as intakes (iOM, iSe, and iCr) (Table 3) by 
considering the average feed intake for each diet.

2.6. Conventional modeling approach

Two conventional approaches were used to model EP and FCR of Isa Brown SCLH as a function of 
iOM, iSe, iCr, and time. Nonlinear equations frequently used to describe egg production curves were 
adapted to model EP, whereas second- and third-order multivariate polynomial equations were used 
to model FCR.

For the modeling of EP, the empirical models of Adams-Bell (Eq. 1) (Faridi et al., 2011), modified-
compartmental (Eq. 2) (Narinc et al., 2014), modified-Gompertz (Eq. 3) (Morales et al., 2018), and 
modified logistic (Eq. 4) (Morales-Suárez et al., 2021) were used.

EP = 100 – ct + d1
1 + abt                                                                     (1)

EP = ae–bt

1 + e–c(t – d)
                                                                              (2)

EP = (a + bt)e{–e[de(c – t)⁄(a + bt) + 1]}                                                               (3)

EP =
1 + e[4d(c – t)⁄(a + bt) + 2]

(a + bt)
                                                                      (4)

Table 1 - Content of saturated and unsaturated fatty acids (%) in the form of methyl esters of the oils used in diets
Fatty acid1 Tuna oil Sacha inchi oil Palm oil

Saturated 28.5 6.7 42.1

Monounsaturated 2.0 0.0 0.3

Polyunsaturated 62.9 92.2 55.9

Total 93.4 98.9 98.3
1 Determined by gas chromatography (ISO 12966-1:2014).
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in which EP is egg production (%); t is time (week); and a, b, c, and d are the model parameters.

In each EP model (Eqs. 1-4), parameters a, b, c, and d were written in terms of iOM, iSe, and iCr according 
to the procedure described by Morales-Suárez et al. (2021).

Feed conversion ratio was modeled using stepwise regression to assess second (Eq. 5) and  
third-order (Eq. 6) multivariate polynomial models in terms of iOM, iSe, iCr, and time. Thus, only 
statistically significant terms (linear, quadratic, cubic, and cross-product) at a 95% confidence level 
were included in these models (Ameer et al., 2017).

FCR = β0 + ∑4
j=1 βj xj + ∑3

j=1 ∑4
k>j βjk xj xk + ∑4

j=1 βjj xj
2                                             (5)

Table 2 - Ingredients and nutrient composition of the basal diet (91-106 weeks, as-fed basis)
Ingredient (g/kg)

Corn (7. 7% crude protein) 590

Soybean meal (46.2% crude protein) 184

Palm oil 30

Fish oil 0

Sacha inchi oil 0

Corn gluten (60% crude protein) 10

Calcium carbonate 111.9

Monocalcium phosphate 6.8

Salt 2.0

Vitamin premix1 0.5

Mineral premix2 0.5

Lysine 4.99

Methionine 5.2

Tryptophan 0.36

Sodium bicarbonate 1.5

Analyzed composition

Metabolizable energy (MJ/kg) 11.93

Protein 155

Calcium 41

Available phosphorus 3

Fiber 21.5

Sodium 1.6

Chlorine 2.3

Potassium 6.63

Digestible lysine 8.5

Digestible methionine + cysteine 8.5

Digestible threonine 6.5

Digestible valine 6.95

Digestible arginine 9.47

Digestible leucine 14.35

Digestible isoleucine 6.26

Digestible histidine 3.98

Digestible phenylalanine 7.53

Digestible tryptophan 1.8
1 Vitamin premix contained per kg of diet: vitamin A, 20,000,000 IU; vitamin D3, 5,000,000 IU; vitamin E, 20 g; vitamin K, 6 g; thiamine, 4 g; 

riboflavin, 10 g; pyridoxine, 4 g; vitamin B12, 0.03 g; biotin, 0.04 g; pantothenic acid, 18 g; niacin, 40 g.
2 Mineral premix contained per kg of diet: zinc, 70 g; manganese, 65 g; iron, 20 g; copper, 5 g; iodine, 1200 mg; choline chlorine 60%, 500 g.
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FCR = β0 + ∑4
j=1 βj xj + ∑3

j=1 ∑4
k>j βjk xj xk + ∑4

j=1 βjj xj
2 + ∑2

j=1 ∑3
k>j ∑4

l>k βjkl xj xk xl + ∑4
j=1 ∑4

k≠j βjkk xj xk
2 + ∑4

j=1 βjjj xj
3,     (6)

in which FCR is feed conversion ratio (in kg feed/kg egg); x represents the independent variables (iOM, 
iSe, iCr, and t); and β0, βj, βjj, βjjj, βjk, βjkl, and βjkk are the model parameters of the independent, linear, 
quadratic, cubic, and cross-product terms, respectively.

2.7. Artificial Neural Networks (ANN)

The dependence of EP and FCR with the four studied factors (iOM, iSe, iCr, and t) were also 
modeled using two neural network architectures: feed-forward (Eq. 7) and cascade-forward (Eq. 8).  
In these architectures, log-sigmoid (Eq. 9), hyperbolic tangent (Eq. 10), softmax (Eq. 11), and 
radial-basis (Eq. 12) equations were used as transfer functions. Between five and eleven neurons 
in one hidden layer for each network architecture and transfer function combination were assessed  
(Morales-Suárez et al., 2021).

y = who × f + bo                                                                              (7)

y = who × f + wio × x + bo                                                                     (8)

Table 3 - Diet concentrations and intakes of mixture of oils, organic selenium, and organic chromium in the diets 
for Isa Brown SCLH over 16 weeks

Diet
Concentration in diets Intake1

OM 
(g/kg)

Se  
(mg/kg)

Cr
(mg/kg)

iOM  
(g/hen·day)

iSe
(mg/hen·day)

iCr
(mg/hen·day)

1 0 0.00 0.00 0.000±0.000 0.000±0.000 0.000±0.000

2 30 0.00 0.00 3.204±0.342 0.000±0.000 0.000±0.000

3 15 0.00 0.80 1.650±0.182 0.000±0.000 0.088±0.010

4 0 0.00 1.60 0.000±0.000 0.000±0.000 0.176±0.019

5 30 0.00 1.60 3.300±0.363 0.000±0.000 0.176±0.019

6 6 0.24 0.32 0.660±0.073 0.026±0.003 0.035±0.004

7 24 0.24 0.32 2.640±0.290 0.026±0.003 0.035±0.004

8 6 0.24 1.28 0.638±0.068 0.026±0.003 0.136±0.014

9 24 0.24 1.28 2.640±0.290 0.026±0.003 0.141±0.015

10 15 0.60 0.00 1.650±0.182 0.066±0.007 0.000±0.000

11 0 0.60 0.80 0.000±0.000 0.066±0.007 0.088±0.010

12 15 0.60 0.80 1.650±0.182 0.066±0.007 0.088±0.010

13 30 0.60 0.80 3.294±0.362 0.066±0.007 0.088±0.010

14 15 0.60 1.60 1.650±0.182 0.066±0.007 0.176±0.019

15 6 0.96 0.32 0.660±0.073 0.106±0.012 0.035±0.004

16 24 0.96 0.32 2.640±0.290 0.106±0.012 0.035±0.004

17 6 0.96 1.28 0.660±0.073 0.106±0.012 0.141±0.015

18 24 0.96 1.28 2.640±0.290 0.106±0.012 0.141±0.015

19 0 1.20 0.00 0.000±0.000 0.132±0.015 0.000±0.000

20 30 1.20 0.00 3.300±0.363 0.132±0.015 0.000±0.000

21 15 1.20 0.80 1.650±0.182 0.132±0.015 0.088±0.010

22 0 1.20 1.60 0.000±0.000 0.132±0.015 0.176±0.019

23 30 1.20 1.60 3.300±0.363 0.132±0.015 0.176±0.019

SCLH - second-cycle laying hens; OM - mixture of tuna and sacha inchi oils; iOM, iSe, and iCr - intakes of OM, Se, and Cr.
1 Values of intakes are expressed as the means±standard deviations (n = 80).
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f = 1
1 + e[–(Wih × x + bh)]

                                                                             (9)

f = – 12
1 + e[–2(Wih × x + bh)]

                                                                  (10)

f =
∑e(Wih × x + bh)

e(Wih × x + bh)
                                                                            (11)

f = e[–(Wih × x + bh)2]                                                                           (12)

in which y is the vector of the output variable (EP or FCR), x is the matrix of the input variables (iOM, 
iSe, iCr, and t), f is the transfer function, wih is the weight matrix from the input layer to the hidden layer, 
bh is the bias vector of the hidden layer, who is the weight matrix from the hidden layer to the output 
layer, wio is the weight matrix from the input to the output layer (only in the case of the cascade-forward 
network architecture), and bo is the bias vector of the output layer.

2.8. Identification, validation, and statistical analysis

The experimental data of the response variable (EP or FCR) were randomly separated into datasets 
for identification and validation. Three replicates per treatment (1380 records) were used in the 
identification dataset, whereas two replicates (920 records) were used for model validation.

The parameters for the nonlinear EP models (Eqs. 1-4) were identified using the “fitnlm” and 
“stepwisefit” functions of MATLAB® R2019a (The MathWorks Inc., Natick, MA, USA). The fitnlm 
function uses a Levenberg-Marquardt nonlinear least-squares algorithm to identify the coefficients of 
nonlinear and multivariate models, whereas stepwisefit uses stepwise regression to identify statistically 
significant (P<0.05) coefficients of multivariate and additive models. The stepwisefit function was also  
used for parameter identification in multivariate polynomial models (Eqs. 5-6). The training of ANN 
models (Eqs. 7-12) was carried out using the “trainbr” function of MATLAB®, which uses a Bayesian 
regularization backpropagation algorithm to prevent overfitting problems (Daza et al., 2018).

The adjusted coefficient of determination (R2
adj) (Eq. 13), root mean square error (RMSE) (Eq. 14), 

and bias (Eq. 15) were used to evaluate the goodness of fit, accuracy, and deviation of the models, 
respectively. Akaike’s information criterion (AIC) (Eq. 16) was used to compare and measure the  
model quality (MathWorks, 2019). In addition, the best models were subjected to a residual analysis  
to assess the adequacy of the estimations.

R2
adj = 1 – S2

yx/S2
y                                                                           (13)

RMSE = 
n

∑n
i=1 (y*

i – yi)2
                                                                   (14)

bias = ∑n
i=1 (y*

i – yi)
1
n                                                                       (15)

AIC = n log   det         ∑n
i=1 εεT      + 2np + n[log(2π) + 1]1

n
                                          (16)

in which Sy is the standard deviation associated with the sample, Syx is the standard deviation associated 
with the model estimations, yi* and yi represent the experimental and estimated values of the response 
variable (EP or FCR), respectively, n is the number of experimental data points used for model training 
and validation, ε is the vector of prediction errors, and np is the number of estimated parameters. The 
best models were selected based on the highest R2

adj, and the lowest RMSE and AIC.

2.9. Optimization

Two optimization problems were formulated separately to find the iOM, iSe, and iCr values that 
maximize EP or minimize FCR (Eqs. 17-18):
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Maximize EP (iOM, iSe, iCr) such that

iOMmin ≤ iOM ≤ iOMmax

iSemin ≤ iSe ≤ iSemax

iCrmin ≤ iCr ≤ iCrmax

                               (17)

Minimize FCR (iOM, iSe, iCr) such that

iOMmin ≤ iOM ≤ iOMmax

iSemin ≤ iSe ≤ iSemax

iCrmin ≤ iCr ≤ iCrmax

                               (18)

Besides, a multi-objective optimization approach, which uses a Derringer desirability function, was 
applied to define the optimal iOM, iSe, and iCr values that simultaneously maximize EP and minimize 
FCR (Eq. 19). Thus, an overall desirability function (D, Eq. 20) was defined as the geometric mean of 
the local desirabilities dEP and dFCR (Eqs. 21-22), representing the EP and FCR estimations normalized 
between 0 and 1. The lower (EPLB, FCRLB) and upper (EPUB, FCRUB) bounds required for the normalization 
were defined from the experimental results. Therefore, Eq. (21) transforms the estimated EP to be 
maximized, whereas Eq. (22) transforms the estimated FCR to be minimized. In both local (dEP, dFCR) and 
overall (D) desirabilities, 1 is the most favorable value.

Maximize D (iOM, iSe, iCr) such that

iOMmin ≤ iOM ≤ iOMmax

iSemin ≤ iSe ≤ iSemax

iCrmin ≤ iCr ≤ iCrmax

                               (19)

D =    dEP × dFCR                                                                            (20)

dEP =
EP – EPLB

EPUB – EPLB

                                                                         (21)

dFCR =
FCR – FCRUB

FCRLB – FCRUB

                                                                       (22)

The MATLAB® function “fmincon” was used to solve the multivariate optimization problems for EP,  
FCR, and D at 4, 8, 12, and 16 weeks, subject to the lower and upper limits for iOM, iSe, and iCr  
defined from the experimental results.

2.10. Sensitivity analysis

The selected models were also subjected to a time-varying global sensitivity analysis by the Sobols’ 
method (Saltelli et al., 2019) to quantify the effect of the inputs (iOM, iSe, and iCr) and their interactions 
on the variance of the outputs (EP and FCR) at 4, 8, 12, and 16 weeks. This method is a global and 
model-independent technique to determine the contributions of individual factors and their interactions  
to the total output variance. The sensitivity indexes characterize such contributions (Eqs. 23-24):

Si =
vi

v                                                                                     (23)

STi = 1 –
v~i

v                                                                               (24)

The first-order indexes (Si) (Eq. 23) are a measure for the variance contribution of an individual input 
(Vi) to the total model variance (V). In Eq. 23, the partial variance Vi is the expected reduction in variance 
obtained if the i-th-factor (iOM, iSe, or iCr) could be fixed.

The total sensitivity indexes (STi) (Eq. 24) result from the main effect of the i-th-factor and all its 
interactions with the other inputs. In Eq. 24, the partial variance V~i is the expected reduction in variance 
that would be obtained if all inputs but i-th-factor could be fixed.
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The number of model simulations for calculating Si and STi was established next to a convergency test 
(Nossent et al., 2011). The Latin hypercube was used as the sampling strategy for the input variables. 
The inputs were 100 times randomly sampled with replacement to assess the 95% confidence intervals 
for sensitivity index. The difference between STi and Si was used to determine the interaction degree 
between the input factors.

3. Results

3.1. Productive parameters

The average feed intake of all treatments was 109.8±8.3 g/hen over 16 weeks of production. Feed 
intake was similar among the diets, between 106.8±7.0 and 110.0±7.8 g/hen, lower than those 
reported by Morales-Suárez et al. (2021) for H&N Brown SCLH during 20 weeks of production, which 
registered 114.3 and 116.7 g/hen·day. According to the average feed intake, iOM, iSe, and iCr levels 
in diets (Table 3) range up to 3.300±0.363, 0.132±0.015, and 0.176±0.019 g/hen·day, respectively. 

The treatments showed an average production level of 54.9% in the first four weeks (91-94 weeks old), 
ranging from 47.9 to 62.1%. The production peak was achieved from the eighth week of production 
(98 weeks old) (Table 4), ranging from 84.3% at 102 weeks old for diet 1 to 90.9% at 102 weeks old  
for diet 23. Egg production at 16 weeks of production (106 weeks of age) was between 78.6% (diet 7) 
and 88.1% (diets 4 and 17).

Table 4 - Egg production and feed conversion ratio of Isa Brown SCLH for the diets over 16 weeks

Diet
Egg production (%) Feed conversion ratio (kg feed/kg egg)

Week 4 Week 8 Week 12 Week 16 Week 4 Week 8 Week 12 Week 16

1 62.1±5.9 81.4±4.7 84.3±5.0 83.1±5.3 2.65±0.25 2.03±0.11 1.91±0.13 1.99±0.14

2 49.8±9.0 80.5±7.1 80.0±4.1 80.7±7.9 3.35±0.75 1.99±0.19 2.07±0.12 2.03±0.20

3 55.0±7.1 80.2±6.5 84.8±5.1 84.0±10.6 3.10±0.36 2.06±0.15 1.99±0.11 2.02±0.31

4 47.9±4.9 87.9±7.5 80.2±5.8 88.1±4.4 3.51±0.41 1.91±0.18 2.12±0.12 1.90±0.10

5 57.6±9.2 84.7±11.0 84.0±8.6 85.0±7.0 2.92±0.51 1.88±0.24 1.96±0.20 1.94±0.15

6 53.8±5.1 87.4±8.4 87.9±4.6 81.2±8.5 3.09±0.34 1.98±0.22 1.97±0.13 2.13±0.25

7 50.0±6.8 81.2±9.3 80.9±7.2 78.6±6.9 3.41±0.37 2.16±0.33 2.06±0.20 2.08±0.17

8 56.7±7.5 85.3±5.2 85.3±5.7 85.0±5.2 3.04±0.46 1.88±0.16 1.99±0.10 1.98±0.18

9 50.4±6.6 83.8±3.6 86.4±8.1 82.1±11.8 3.39±0.44 1.98±0.08 1.91±0.14 1.99±0.34

10 48.8±6.0 82.4±7.5 84.8±8.3 85.2±5.7 3.52±0.44 2.11±0.20 2.02±0.16 1.95±0.12

11 56.2±12.1 85.7±2.5 86.7±6.9 85.2±2.7 3.04±0.67 1.99±0.06 1.92±0.26 1.98±0.13

12 49.8±10.0 86.2±6.2 84.5±7.5 82.6±6.6 3.53±0.76 1.95±0.08 2.04±0.19 2.00±0.20

13 60.0±10.8 85.7±6.8 85.0±6.9 84.3±9.6 2.84±0.60 1.94±0.14 1.99±0.16 1.96±0.28

14 50.5±6.2 87.6±3.6 84.3±6.7 79.8±8.1 3.34±0.37 1.91±0.08 2.02±0.23 2.09±0.25

15 55.0±13.0 85.0±3.5 83.6±4.6 84.8±5.5 3.14±0.68 1.96±0.10 1.98±0.12 1.98±0.21

16 56.9±6.7 83.1±4.4 87.6±3.9 85.2±2.7 2.95±0.34 1.99±0.09 1.88±0.10 1.93±0.06

17 51.0±8.6 80.5±9.8 84.8±7.4 88.1±4.8 3.44±0.55 2.10±0.32 2.04±0.22 1.85±0.10

18 56.7±9.6 87.1±5.5 84.5±5.3 87.1±7.3 3.06±0.59 1.89±0.12 1.94±0.11 1.86±0.17

19 58.8±9.7 80.7±7.9 84.3±7.0 81.4±6.7 2.87±0.69 2.05±0.26 1.93±0.17 2.00±0.14

20 55.0±7.6 84.3±6.0 85.5±4.4 85.9±6.9 3.11±0.48 1.97±0.12 1.94±0.13 1.87±0.15

21 60.2±9.0 86.7±2.0 82.9±3.8 84.8±6.0 2.72±0.41 1.89±0.08 1.99±0.11 1.99±0.22

22 58.3±10.8 82.4±4.4 84.5±6.5 84.8±4.4 3.03±0.77 2.03±0.10 1.96±0.19 1.93±0.12

23 61.7±10.9 90.7±2.1 90.9±3.8 87.1±3.3 2.85±0.59 1.84±0.07 1.82±0.08 1.86±0.11

Values are expressed as the means±standard deviations (n = 5).
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The analysis of FCR of the treatments indicates an average value of 2.26 kg feed/kg egg 
(Table 4). In the fourth week (91-94 weeks old), FCR was between 2.65 and 3.53 kg feed/kg egg 
with an average of 3.126 kg feed/kg egg. In the eighth (95-98 weeks old), 12th (99-102 weeks old), 
and 16th (103-106 weeks old) weeks of production, FCR ranged between 1.84-2.16, 1.82-2.12, and  
1.85-2.13 kg feed/kg egg, respectively, with an average of 1.977, 1.976, and 1.969 kg feed/kg 
egg, respectively (Table 4). The lowest feed conversion was shown by diet 17 for the 16 weeks of 
production (106 weeks old) with 1.85 kg feed/kg egg, equivalent to 1.53 kg feed per dozen eggs.

3.2. Curve fitting and statistical criteria

In the mathematical modeling of EP, egg production and ANN models were evaluated (Table 5). In the 
first strategy, the best choice was the modified logistic model (Eq. 4) with R2

adj values of 0.9282 and 
0.9172 and RMSE values of 7.15 and 7.40 for the validation and training data sets, respectively. The 
identified functions of parameters a, b, c, and d of the modified logistic model (Eq. 4) are shown in  
Eqs. 25-28, in which all terms were statistically significant (P<0.05). The ANN approach returned 
slightly better goodness-of-fit statistics than egg production models. The best ANN result was achieved 
using a feed-forward architecture with a log-sigmoid transfer function and five neurons in the hidden 
layer. Although the ANN approach resulted in R2

adj values of 0.9292 and 0.9207, and RMSE of 7.01 and 
7.15 for the training and validation data set, respectively, this model was 21 parameters higher than  
the modified logistic model (Table 5).

Table 5 - Modeling results for egg production and feed conversion ratio of Isa Brown SCLH (91-106 weeks old)
Egg production

Modeling approach Model detail
Training/Identification Validation

P-value1 Bias AIC
R2

adj RMSE R2
adj RMSE

Egg production models

Adams Bell Number of parameters: 11 0.9284 7.12 0.9164 7.45 0.001 −1.25 × 10−8 12529

Modified Compartmental Number of parameters: 14 0.9296 7.11 0.9185 7.32 0.006 −0.077 12530

Modified Gompertz Number of parameters: 10 0.9276 7.16 0.9174 7.40 0.001 0.037 12526

Modified Logistic Number of parameters: 10 0.9282 7.15 0.9172 7.40 0.001 −0.088 12525

Artificial neural networks

Feed-forward 
architecture

Transfer function: log-sigmoid
Hidden-layer neurons: 5
Number of parameters: 31

0.9292 7.01 0.9207 7.15 0.001 0.005 12503

Cascade-forward 
architecture

Transfer function: log-sigmoid
Hidden-layer neurons: 5
Number of parameters: 35

0.9294 6.99 0.9199 7.16 0.001 −0.0094 12509

Feed conversion ratio

Modeling approach Model detail
Training/Identification Validation

P-value1 Bias AIC
R2

adj RMSE R2
adj RMSE

Multivariate polynomial models

Second order Number of parameters: 11 0.5537 0.712 0.5355 0.647 0.001 −0.0003 7558

Third order Number of parameters: 25 0.6821 0.601 0.6299 0.577 0.001 −0.0491 7393

Artificial neural networks

Feed-forward 
architecture

Transfer function: Softmax
Hidden-layer neurons: 8
Number of parameters: 49

0.7643 0.506 0.7725 0.439 0.001 1.53 × 10−5 7131

Cascade-forward 
architecture

Transfer function: Softmax 
Hidden-layer neurons: 9
Number of parameters: 59

0.7636 0.504 0.7706 0.438 0.001 1.27 × 10−5 7145

SCLH - second-cycle laying hens; R2
adj - adjusted coefficient of determination; RMSE - root mean square error; AIC - Akaike’s information criterion.
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a = 83.83 + 7.997 iOM iCr                                                                (25)

b = 0.5594 iOM iSe – 0.4569 iOM iCr                                                    (26)

c = 0.7563 + 0.3661 iOM + 8.309 iSe – 1.175 iOM iSe – 0.09164 iOM2 – 31.55 iSe2          (27)

d = 17.064 + 30.70 iSe                                                                   (28)

Between the best results of the two modeling strategies, the modified logistic model was selected as the 
best-fit option since it presented R2

adj, RMSE, and AIC values similar to the ANN model, but with fewer 
parameters. The modified logistic model is a less complex expression than the ANN model, ensures 
the EP curve behavior, and avoids overfitting, facilitating subsequent multi-objective optimization and 
sensitivity analysis. In addition, all models showed absolute biases near-zero (Table 5) and could be 
considered accurate as they overestimate and underestimate the data equally.

The residuals for EP using the modified logistic model were dispersed around zero and followed a 
normal distribution, with 82.6% of the residuals between −10% and 10% (Figure 1).

The best results for FCR modeling were achieved using a feed-forward ANN with the softmax transfer 
function and eight neurons in the hidden layer (Table 6), resulting in R2

adj values of 0.7643 and 0.7725 
and RMSE values of 0.506 and 0.439 for the training and validation data sets (Table 5), respectively. 
The ANN approach showed the best-fit results since it presented better R2

adj, RMSE, and AIC values 
than multivariate polynomial models (Table 5). In addition, the best ANN model allows predicting 
the FCR behavior using one of the most straightforward network architectures (Eqs. 8 and 12), which 
could facilitate subsequent multi-objective optimization and sensitivity analysis.

SCLH - second-cycle laying hens.

Figure 1 - Residual analysis of the modified logistic model for egg production (%) of Isa Brown SCLH (91-106 
weeks old).
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Table 6 - Weights and biases of selected ANN model for feed conversion of Isa Brown SCLH (91-106 weeks old)
Wih Who bh bo

–1.1022 0.7177 1.7031 3.2531 –1.7816 4.5745

[0.9939]

3.0037 2.1558 –0.2838 3.6062 –1.7941 4.0652

–2.0531 –0.9516 –1.6939 3.9843 –1.7796 6.4791

–1.7398 –0.9569 –1.9688 –1.1544 1.8055 –0.6141

0.9068 3.4853 –0.0539 1.2128 –1.7304 –0.8796

–2.0335 0.2217 2.2999 –1.7426 1.8380 –3.4106

–0.5488 0.1362 0.2270 –7.2889 3.3559 –6.2398

3.5668 2.5225 –0.2296 –1.8706 1.0801 –3.9947

ANN - artificial neural networks; SCLH - second-cycle laying hens; Wih - weight matrix from the input to the hidden layer; Who - weight matrix 
from the hidden layer to the output layer; bh - bias vector of the hidden layer; bo - bias vector of the output layer.

T
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The residuals for FCR using the ANN model were dispersed around zero, following a normal distribution 
according to the test of Lilliefors (Figure 2). When verifying the ability of the ANN models to predict 
FCR, 95.5% of the residuals were between −1 and 1 (Figure 2).

3.3. Optimization

When optimizing EP (Figures 3a-c), the maximum values oscillate between 82.6 and 89.1% between 
weeks 6 and 16 of production, respectively. The optimal iOM and iCr levels coincide with the upper limit 
of the restrictions imposed on them (dotted lines in Figures 3a and c) at all times. The iSe levels are 

SCLH - second-cycle laying hens; ANN - artificial neural networks.

Figure 2 - Residual analysis of the ANN model for feed conversion ratio (kg feed/kg egg) of Isa Brown SCLH  
(91-106 weeks old).
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SCLH - second-cycle laying hens.
Optimal requirements of mixture of oils (iOM; a,d,g), organic selenium (iSe; b,e,h), and organic chromium (iCr; c,f,i).

Figure 3 - Optimization of egg production (EP), feed conversion ratio (FCR), and overall desirability function  
(D) between 6 and 16 weeks (96 and 106 weeks old) for Isa Brown SCLH. 
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slightly lower than the upper limit between weeks 8 and 10 (Figure 3b). In general terms, maximum 
production is obtained using the highest iOM, iSe, and iCr allowed.

The FCR presents minimum values between 2.29 and 1.94 kg feed/kg egg at 6 and 16 weeks 
(Figures 3d-f). Optimal iOM levels decrease over time from 3.30 to 2.81 g/hen·day (Figure 3d).  
In contrast, iCr levels rise from 0.085 to 0.105 mg/hen·day (Figure 3f). The iSe level was the highest 
imposed by the restriction (0.132 mg/hen·day) (Figure 3e).

The optimal iOM, iSe, and iCr levels for FCR are different for EP, meaning that levels that 
minimize conversion do not guarantee maximum production levels. The above justified using 
the overall desirability function (D) to establish the optimal levels to maximize EP and minimize  
FCR simultaneously.

The behavior of D (Figure 3g-i) reflects the changes between 6 and 16 weeks in the maximum 
and minimum values for EP and FCR, respectively, showing values between 0.723 (EP = 92.0%,  
FCR = 2.04 kg feed/kg egg) and 0.827 (EP = 89.1%, FCR = 1.942 kg feed/kg egg) (Table 7). The optimal 
iOM, iSe, and iCr levels are similar to those obtained in the maximization of EP, except for iCr at the  
sixth week below the upper limit imposed in the constraint.

At 16 weeks of production (91-106 weeks old), the maximum EP and minimum FCR were 89.1% and 
1.94 kg feed/kg egg, respectively. For EP at 16 weeks of production, the optimal iOM, iSe, and iCr values 
were 3.3 g/hen·day, 0.132 mg/hen·day, and 0.176 mg/hen·day, respectively. For FCR at 16 weeks 
of production, the optimal values of iOM, iSe, and iCr were 2.81 g/hen·day, 0.132 mg/hen·day, and 
0.105 mg/hen·day, respectively (Table 7).

To reach a maximum D of 0.827, corresponding to 89.1% of EP and 1.94 kg feed/kg egg of FCR, levels 
of 3.3 g/hen·day of iOM, 0.132 mg/hen·day of iSe, and 0.176 mg/hen·day of iCr are required (Table 7). 
This maximum desirability coincides with the nutrient values of diet 23 (Table 3).

3.4. Sensitivity analysis

Using the Latin hypercube as the sampling strategy, the convergence test allowed to establish a 
sample size of 2×106, from which the estimation of the sensitivity indices was independent of 
the number of simulations. The models used did not present disadvantages when calculating 
the sensitivity indices for this large sample size. Such sample size and the resampling strategy  

Table 7 - Optimal requirements of mixture of oils (iOM), organic selenium (iSe), and organic chromium (iCr) 
between 4 and 16 weeks of production (94 and 106 weeks old) for Isa Brown SCLH considering egg 
production (EP), feed conversion ratio (FCR), and overall desirability (D) as optimization criteria

Criterion t 
(weeks)

EP 
(%)

FCR 
(kg feed/kg egg) D iOM 

(g/hen·day)
iSe 

(mg/hen·day)
iCr 

(mg/hen·day)
Maximize EP 6 82.6 2.12 - 3.30 0.132 0.176

8 86.4 1.97 - 3.30 0.124 0.176

12 88.0 1.94 - 3.30 0.132 0.176

16 89.1 1.94 - 3.30 0.132 0.176
Minimize FCR 6 81.4 2.03 - 3.30 0.132 0.085

8 85.1 1.96 - 3.13 0.132 0.083

12 86.8 1.94 - 2.93 0.132 0.093

16 87.9 1.94 - 2.81 0.132 0.105
Maximize D 6 82.0 2.04 0.723 3.30 0.132 0.121

8 86.4 1.97 0.789 3.30 0.131 0.176

12 88.0 1.94 0.814 3.30 0.132 0.176

16 89.1 1.94 0.827 3.30 0.132 0.176
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(n = 100) made it possible to calculate statistically significant sensitivity indices at a 95%  
confidence level for all inputs (iOM, iSe, iCr) and outputs studied (EP, FCR, D), as indicated by the 
confidence intervals (Table 8).

Table 8 - First-order indexes (Si) and total-order indexes (STi) for the effect of mixture of oils (iOM), organic 
selenium (iSe), and organic chromium (iCr) over egg production (EP), feed conversion ratio (FCR),  
and overall desirability (D) between 4 and 16 weeks of production (94 and 106 weeks old) for Isa  
Brown SCLH

Output Input (i) t (weeks) First-order-effect index (Si) Total-order-effect index (STi)

EP iOM 4 0.330±0.010 (0.328, 0.333) 0.542±0.018 (0.537, 0.547)

8 0.165±0.024 (0.159, 0.172) 0.223±0.036 (0.213, 0.233)

12 0.185±0.018 (0.179, 0.190) 0.218±0.034 (0.209, 0.228)

16 0.145±0.011 (0.142, 0.148) 0.174±0.019 (0.169, 0.180)

EP iSe 4 0.423±0.009 (0.420, 0.426) 0.517±0.019 (0.511, 0.522)

8 0.692±0.021 (0.686, 0.698) 0.685±0.038 (0.675, 0.696)

12 0.684±0.020 (0.679, 0.690) 0.692±0.039 (0.680, 0.703)

16 0.762±0.012 (0.758, 0.765) 0.772±0.022 (0.766, 0.779)

EP iCr 4 0.034±0.009 (0.031, 0.036) 0.156±0.019 (0.150, 0.161)

8 0.087±0.023 (0.081, 0.094) 0.133±0.037 (0.123, 0.144)

12 0.094±0.016 (0.090, 0.099) 0.131±0.031 (0.122, 0.139)

16 0.062±0.013 (0.059, 0.066) 0.088±0.023 (0.082, 0.095)

FCR iOM 4 0.226±0.009 (0.224, 0.228) 0.586±0.015 (0.583, 0.589)

8 0.024±0.021 (0.020, 0.028) 0.079±0.042 (0.070, 0.087)

12 0.027±0.034 (0.020, 0.033) 0.081±0.066 (0.068, 0.094)

16 0.015±0.051 (0.005, 0.025) 0.068±0.101 (0.048, 0.088)

FCR iSe 4 0.203±0.009 (0.202, 0.205) 0.640±0.015 (0.637, 0.643)

8 0.278±0.027 (0.272, 0.283) 0.417±0.043 (0.408, 0.426)

12 0.180±0.036 (0.173, 0.187) 0.358±0.062 (0.345, 0.370)

16 0.174±0.065 (0.161, 0.186) 0.452±0.100 (0.432, 0.471)

FCR iCr 4 0.059±0.009 (0.058, 0.061) 0.334±0.015 (0.331, 0.337)

8 0.542±0.030 (0.536, 0.548) 0.668±0.049 (0.659, 0.678)

12 0.599±0.037 (0.591, 0.606) 0.766±0.063 (0.754, 0.779)

16 0.527±0.053 (0.516, 0.537) 0.787±0.089 (0.769, 0.804)

D iOM 4 0.330±0.010 (0.328, 0.333) 0.542±0.018 (0.537, 0.547)

8 0.032±0.007 (0.030, 0.033) 0.096±0.012 (0.094, 0.098)

12 0.064±0.005 (0.063, 0.065) 0.106±0.008 (0.104, 0.107)

16 0.074±0.006 (0.073, 0.075) 0.106±0.011 (0.103, 0.108)

D iSe 4 0.423±0.009 (0.420, 0.426) 0.517±0.019 (0.511, 0.522)

8 0.576±0.006 (0.574, 0.577) 0.630±0.012 (0.627, 0.632)

12 0.563±0.004 (0.562, 0.564) 0.608±0.008 (0.606, 0.609)

16 0.678±0.005 (0.677, 0.679) 0.718±0.011 (0.716, 0.720)

D iCr 4 0.034±0.009 (0.031, 0.036) 0.156±0.019 (0.150, 0.161)

8 0.301±0.006 (0.300, 0.303) 0.371±0.012 (0.369, 0.374)

12 0.302±0.004 (0.302, 0.303) 0.361±0.007 (0.359, 0.362)

16 0.187±0.006 (0.186, 0.188) 0.241±0.011 (0.239, 0.243)

SCLH - second-cycle laying hens.
Values are expressed as the means±standard deviations (n = 100).
The 95% confidence intervals for each of the sensitivity indices are presented in parentheses.
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The sensitivity analysis for EP between 4 and 16 weeks of production from the modified logistic model 
(Figures 4a-c) showed that the most crucial factor was iSe, followed by iOM and iCr. A similar analysis 
for FCR from the ANN model (Figures 4d-f) showed that iCr was the most important factor, followed 
by iSe and iOM. When performing the sensitivity analysis for EP and FCR simultaneously, using global 
desirability (Figures 4g-i), the most influential factor turned out to be iSe, followed by iCr and iOM.

Selenium intake was the most critical factor for EP since its contribution to the variance between 4 
and 16 weeks of production ranged between 42.3 and 76.2% by itself (Si) and between 51.7 and 77.2% 
when interacting with the other factors (STi) (Table 8). The effect of iSe on EP increased over time with 
Si and STi values greater than 0.69 from the eighth week of production (Figure 4b). Only during the 4th 
week, iOM showed the most significant contribution to the variance of EP (Figure 4a), which reached 
54.2% when considering the effects of total order, that is, the effect of iOM and its interaction with iSe 
and iCr. The response to the variation in EP was mainly due to first-order effects, pointing to iSe as the 
main responsible for the increase in production in laying hens. It is worth saying that the total order 
effect of iCr decreased from 15.6% in week 4 to 8.8% in week 16, with the first-order effect between 
3.4 and 6.2%, respectively (Table 8).

SCLH - second-cycle laying hens.

Figure 4 - Global sensitivity analysis to evaluate the effect of mixture of oils (iOM), organic selenium (iSe), and 
organic chromium (iCr) on egg production (EP), feed conversion ratio (FCR), and overall desirability 
function (D) between 4 and 16 weeks (94 and 106 weeks old) for Isa Brown SCLH.
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In the case of FCR, the total order effects attributed to iCr were increasing, presenting their most 
outstanding contribution between weeks 8 and 16 with values between 66.8 and 78.7%, respectively  
(Table 8). In the 4th week, the most important factor was iSe, with a first-order effect of 20.3% and a 
total order effect of 64.0% (Figure 4e). However, iCr had the most significant effect on the variance of FCR 
from week 8, as shown by its first-order effects greater than 52%. The variation in FCR would mainly 
be due to the first-order effect of iCr, which would be responsible for lower conversions for the studied  
diets. It is important to note that the total order effect of iOM was descending from week 4 to 16, with 
first-order effects between 22.6 and 1.5% (Table 8).

In the sensitivity analysis for D, iSe was the factor with the highest total order effects between weeks 
8 and 16, of 63.0 and 71.8%, respectively (Table 8). The iOM was the most important factor in week 
4, with a total order effect of 54.2% (Figure 4g). In comparison, iSe presented the most significant 
influence between weeks 8 and 16 with 63.0 and 71.8% total order effects, respectively (Figure 4h). 
The main responsible for D variation was iSe, which can increase EP and decrease FCR in birds. It is 
important to note that the influence of iOM was low from week 8 to week 16, with first-order effects 
between 3.2 and 7.4%, respectively (Table 8).

In summary, when we analyze the effect on EP and D, iOM was the most critical factor in week 4, 
while iSe was the most influential from week 8. On the other hand, considering the variability of FCR, 
iSe was the most crucial factor in week 4, while iCr became the most influential factor from week 8 
(Figure 4, Table 8).

4. Discussion

4.1. Productive parameters

The best results of the study were associated with diet 23 (Table 4), which presents the highest  
iOM, iSe, and iCr levels in the design (3.300±0.363 g/hen·day, 0.132±0.015 mg/hen·day, 0.176±0.019  
mg/hen·day, respectively).

With a dietary level of 0.132 mg/hen·day of iSe, EP between 78.6 and 88.1% was achieved (Table 4,  
diet 23). These results are higher than those of Laika and Jahanian (2015) in Hy-Line W-36 
laying hens of 47 weeks of age (EP = 82.5%) using 0.2 mg/kg feed of L-selenium methionine, 
that is, 0.021 mg/hen·day. The results were also better than those reported by Jing et al. (2015)  
in Hy-Line Brown laying hens of 19-43 weeks of age (EP = 84.3%) with 0.300 mg/kg feed of selenium 
methionine (0.023 mg/hen·day).

Dietary selenium supplementation is key to maintaining animal health and productive performance 
(Surai et al., 2018). A decrease in productive performance and health could be related to the 
overproduction of free radicals, which leads to oxidative stress and compromises antioxidant defenses in 
poultry (Surai et al., 2019). Natural antioxidants are essential in maintaining bird health and productive 
performance in commercial layers (Surai and Kochish, 2019). Selenium plays a sparing role in vitamin 
E by improving its absorption in the intestine and protecting the fats of the cell membrane from  
oxidative damage (Mir et al., 2018). While vitamin E is soluble in lipids and performs its antioxidant 
action on the cell membrane, Se is soluble in water and acts inside the cell (Macari and Maiorka, 2017).

An intake of 0.172 mg/hen·day of iCr allowed FCR values between 1.85 and 2.13 kg feed/kg egg for 
all treatments at 16 weeks of production (Table 4). These results were lower than those recorded 
by Siloto (2014) (FCR = 1.93 kg feed/kg egg), using 0.0459 mg/hen·day of chromium yeast in 
47-week-old Bovans White layers, and Mirfendereski and Jahanian (2015) (FCR = 2.09 kg feed/kg 
egg), using 0.107 mg/hen·day of chromium methionine in 26-weeks-old Hy-Line W-36 layers.

The most important effect on feed conversion is attributed to Cr because, as a component of the glucose 
tolerance factor, it increases insulin secretion and decreases glucose and serum glucocorticoids. It is 
becoming an energy source for protein synthesis due to glucose conversion, increasing the diet energy 
efficiency, and maintaining productivity (Siloto, 2014). The positive effects of Cr on plasma protein 
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and its fractions are attributed to the anabolic action of insulin, which is mediated by the increased 
amino acid synthesis in the liver and improved incorporation of various amino acids into the protein 
(Torki et al., 2014).

4.2. Mathematical models

In general, all the models used to represent EP fit well. However, the modified logistic model presented 
the best goodness of fit to the field data compared with the other models and could be used to predict 
EP for Isa Brown SCLH as a function of time and levels of iOM, iSe, and iCr.

Different authors have reported satisfactory results in the mathematical representation of EP 
(R2

adj > 0.94) with non-linear models of egg production similar to those used in this study for broiler 
breeders (Otwinowska-Mindur et al., 2016; Safari-Aliqiarloo et al., 2017). However, in these studies, 
the models did not include the effect of nutritional requirements; they only considered EP as a function 
of time. In this sense, only the work of Morales-Suárez et al. (2021) has considered the evaluation of 
different non-linear models for egg production in terms of four factors (three essential amino acids and 
time). These authors reported that the modified logistic model was the best option within the models 
conventionally used to represent the production curve, with R2

adj values of 0.854 and 0.850 and RMSE 
values of 7.42 and 7.49 for the training and validation data sets, respectively.

To our knowledge, this is the first study to use non-linear models to study the influence of iOM, iSe, 
and iCr on Isa Brown SCLH. The proposed models consider a complex interactive effect of nutritional 
requirements on the productive performance of the birds. The proposed methodology would study the 
interactions of multiple nutritional requirements on productive parameters, both for its application  
in poultry and other animal production areas.

The modified logistic model (Eqs. 4, 25-28) was used to estimate EP (Figure 5) in the range of conditions 
studied. Estimated EP values between 6 and 16 weeks of production were between 73.6 and 88.2%. 
These estimates show that EP improves with high iOM, iSe and iCr levels, reaching values greater than 
80% between weeks 6 and 16 when the highest levels of such requirements are used. With levels 
of 3.3 g/hen·day of iOM, 0.132 mg/hen·day of iSe, and 0.176 mg/hen·day of iCr, 88% of EP could be 
reached between weeks 12 and 16 of production (Figure 5).

To our knowledge, there are no reports of mathematical models for the representation of FCR in layers 
that consider multiple nutritional factors in addition to time.

When using the ANN model (Eqs. 7, 11; Table 6) to estimate FCR (Figure 6), the values improve with 
high iOM, iSe, and iCr. Some diets with levels from 1.82 g/hen·day of iOM, 0.06 mg/hen·day of iSe, 
and 0.088 mg/hen·day of iCr allow obtaining FCR lower than 2.08 kg feed/kg egg from the sixth 
week of production. As of week 8, combinations of iOM, iSe, and iCr allow FCR of less than 2.00 kg 
feed/kg egg. From week 12, the FCR values improve between 1.91 and 1.98 kg feed/kg egg. Thus, 
with levels of 3.3 g/hen·day of iOM, 0.132 mg/hen·day of iSe, and 0.176 mg/hen·day of iCr, an FCR  
of 1.91 mg/hen·day could be guaranteed between 12 and 16 weeks (Figure 6).

Although different studies have been carried out in poultry, there are discrepancies in iOM, iSe, and  
iCr requirements in SCLH diets for different studies. The interaction between the evaluated factors  
may be an essential factor of variation in these estimates, corroborating this study.

4.3. Optimization

The overall desirability function (D) can facilitate the decision-making task by providing optimal iOM, 
iSe, and iCr levels that maximize EP and minimize FCR in Isa Brown SCLH, turning a multi-objective 
optimization problem into a single-criterion one (Mehri et al., 2016). In weeks 8 and 16, the maximum 
desirability was 0.789 and 0.827, respectively, with levels of 3.3 g/hen·day of iOM, 0.132 mg/hen·day 
of iSe, and 0.176 mg/hen·day of iCr. This maximum desirability coincides with the nutrient values of 
diet 23 (Table 3).
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The optimal iOM levels at 16 weeks of production (91-106 weeks of age) for Isa Brown SCLH were 
3.3 g/hen·day and allowed a maximum EP of 89.12% (Table 7), higher than the results obtained by 
Saleh (2013) (EP = 86%) with 1.24 g/hen·day of a mixture of oils (1.25% fish oil + 3.75% vegetable 
oil) in 23-week-old white line Bovans layers. On the other hand, Küçükersan et al. (2010) reached EP 
values of 82.7 and 82.1% using 3.2 g/hen·day of soybean oil (3%) and 3.1 g/hen·day of fish oil (3%)  
in 36-week-old Hissex Brown layers. No reports were found where oil mixtures with selenium or 
chromium supplementation in the diets were simultaneously evaluated.

Optimal iOM levels of 3.3 g/hen·day attained a minimum FCR of 1.94 kg feed/kg egg in Isa Brown SCLH 
at 16 weeks of production (106 weeks of age) (Table 7). These results were lower than those achieved 
by Küçükersan et al. (2010) using soybean oil (FCR = 2.02 kg feed/kg egg) and fish oil (FCR = 2.03 kg 
feed/kg egg) in diets of Hissex Brown hens.

An estimated level of 0.1320 mg/hen·day of selenium yeast could be necessary to achieve the best 
EP (89.1%) and the lowest FCR (1.94 kg feed/kg egg) in Isa Brown SCLH between 4-16 weeks of 
production (91-106 weeks of age) (Table 7). This level is higher than recommended when comparing 
responses to different sources and doses of selenium in laying hens.
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Figure 5 - Effect of intakes of mixture of oils (iOM), organic selenium (iSe), and organic chromium (iCr) on 
egg production (EP) at 6, 8, 12, and 16 weeks (96, 98, 102, and 106 weeks old, respectively) for Isa  
Brown SCLH.
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Delezie et al. (2014) suggested 0.0117 mg/hen·day of selenium yeast in 55-67-week-old semi-heavy 
Lohman Brown laying hens to achieve EP of 89.1% and FCR of 2.00 kg feed/kg egg. Jing et al. (2015) 
achieved EP of 90.4% using 0.0359 mg/hen·day of selenium yeast in semi-heavy Hy-Line Brown hens. 
Payne et al. (2005) reported EP values of around 81% with very different selenium yeast intakes 
(0.0601 and 0.2997 mg/hen·day) in Hy-Line W-36 hens.

The optimal iCr level for a maximum EP of 89.1% at 16 weeks of production in Isa Brown SCLH  
was 0.176 mg/hen·day of chromium yeast. This level was higher than the recommendations of  
0.1723 mg/hen·day of chromium yeast in Bandarah laying hens between 36-44 weeks of age  
(EP = 64.8%) (Hanafy, 2011).

The optimal iCr level for a minimum FCR of 1.94 kg feed/kg egg was 0.105 mg/hen·day of chromium 
yeast in Isa Brown SCLH at 16 weeks of production. This result was higher than the 0.0917 mg/hen·day 
of chromium yeast obtained in Bovans Light laying hens (FCR = 1.94 kg feed/kg egg) (Siloto, 2014).

The optimal level of iCr when considering the desirability function as a criterion is comparable with 
the results for EP, in which 0.176 mg/hen·day of chromium yeast would be recommended to reach the 

SCLH - second-cycle laying hens.

Figure 6 - Effect of intakes of mixture of oils (iOM), organic selenium (iSe), and organic chromium (iCr) on feed 
conversion ratio (FCR) at 6, 8, 12, and 16 weeks (96, 98, 102, and 106 weeks old, respectively) for Isa 
Brown SCLH.
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maximum EP from the eighth week. However, the optimization using D increases EP by 1.4% while 
FCR values are similar, compared with the optimization in which FCR is the only criterion (Table 7). 
Optimal iCr requirements are 51.7 and 40.3% lower when considering FCR as an optimization criterion 
in weeks 6 and 16, respectively. This must be considered as it would affect the cost of using organic 
chromium in the formulation.

4.4. Sensitivity analysis

In the first four weeks of production, iOM has the most significant effect on EP and D, reaching a total 
order effect of 54.2% (Table 8). The increase in the intake of ω-3 PUFA due to the incorporation of 
fish and vegetable oils in the diets (Pappas et al., 2005) is related to the increase in FA in membrane 
phospholipids, which are expected to decrease inflammatory responses (Nassef et al., 2019).

The PUFA addition reduces the ω-6:ω-3 ratio and increases productivity due to the alteration of the 
fatty acid profile of the liver tissue that can influence the metabolism and synthesis of other nutrients 
as a consequence of the altered partition of nutrients by reducing the inflammatory response 
(Alagawany et al., 2019).

The most significant effect on EP is achieved with iSe, followed by iOM, and finally iCr. After eight  
weeks of production, the most crucial factor in maximizing EP was iSe, reaching a total order effect of 
77.2% in week 16. The first-order effect of iSe was high between weeks 8 and 16, from 69.2 to 76.2%, 
respectively, indicating that the intake of organic selenium could increase EP (Table 8).

The most significant effect on FCR in the fourth week was produced by iSe, reaching a total order effect of 
64% (Table 8). Selenium and PUFA also show a high degree of interaction (43.7 and 36.0%, respectively) 
at week 4 (Figures 4e and d, respectively), these two can interact, possibly through the action of the 
GSH-PX enzyme, which plays an essential role in the regulation of prostaglandin biosynthesis from its 
precursor arachidonic acid, responsible for the inflammatory response (Pappas et al., 2005).

The most significant effect on FCR is achieved with iCr, followed by iSe, and finally iOM. The most 
important factor in minimizing the FCR after eight weeks of production is the iCr, reaching a total order 
effect of 78.7% in week 16 of production. The first-order effect of iCr was significant for FCR between 
weeks 8 and 16 by 54.2 and 52.7%, respectively, indicating that the intake of chromium yeast was 
responsible for reducing FCR (Table 8).

Chromium can exert a protective effect that improves the functioning of the pancreas concerning 
the secretion of digestive enzymes, which increase the retention of nitrogen, minerals, and the use 
of nutrients (Khan et al., 2014). Chromium participates in the metabolic pathways of nutrients 
(carbohydrates, lipids, proteins, and nucleic acids) by enhancing the action of insulin, which contributes 
to the anabolic profile (Sahin et al., 2018). Likewise, it alleviates oxidative stress by reducing lipid 
peroxidation, increasing the activities of glutathione peroxidase and glutathione reductase in plasma 
(Khan et al., 2014; Gitoee et al., 2018).

Regarding D, the factors with the most significant effect were iSe, followed by iCr, and finally iOM.  
In the fourth week, the most significant effect on D was produced by iOM, reaching a total order effect 
of 54.2% (Table 8). However, the most important factor in maximizing D from the eighth week was  
iSe, which reached a total order effect of 71.8% in the 16th week. The first-order effect increased  
from 57.6 to 67.8% between weeks 8 and 16, respectively, indicating that iSe contributes to the increase 
in EP and the decrease in FCR (Table 8).

Most of the stressors in poultry production at the cellular level are associated with oxidative stress 
due to excess free radical production or inadequate antioxidant protection (Surai and Fisinin, 
2016b). The antioxidant defense network is responsible for maintaining low basic levels of oxygen-
derived free radicals, eliminating them, and converting them into non-toxic products (Surai et al., 
2019). The first level of defense of the antioxidant system of cells is composed of the enzymes  
GSH-Px and superoxide dismutase, considered selenoproteins, and the second level of defense 
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focuses on the prevention and restriction of the formation of chains and radical propagation 
(Mir et al., 2018; Surai et al., 2019).

The search for nutritional approaches to modulate the antioxidant system, including the use of Se, 
vitamin E, and polyphenols, is on the agenda of many research groups in the world. The modulation of 
vitagene (adaptation to stress at the molecular level is mediated by a variety of genes) by nutritional 
ways (minerals, vitamins, among others) could be a new strategy to prevent stress and maintain the 
high productive performance of poultry (Surai, 2020).

5. Conclusions

Through the application of mathematical models, optimization strategies, and sensitivity analysis, 
alternative sources of fatty acids from fish oil and sacha inchi, and the supplementation with organic 
selenium and chromium in diets of Isa Brown hens during the second cycle increase the egg production 
and decrease the feed conversion ratio.

As far as we know, there is no information available regarding the study of multiple nutritional factors 
via optimization and multivariate analysis. Therefore, this work constitutes a methodological reference 
to improve the productive performance of commercial laying hens based on multiple nutrients.

The sensitivity analysis shows that the interaction of the oil mixture (fish and sacha inchi oils), selenium 
yeast, and chromium yeast increases egg production and decreases the feed conversion ratio. Selenium 
is crucial for increasing egg production, and chromium is essential to reduce feed conversion in Isa 
Brown hens during the second cycle.

Conflict of Interest 

The authors declare no conflict of interest.

Author Contributions

Conceptualization: W. Morales-Suárez, S. Elliott and H.A. Váquiro-Herrera. Data curation:  
H.A. Váquiro-Herrera. Formal analysis: W. Morales-Suárez and H.A. Váquiro-Herrera. Funding 
acquisition: S. Elliott. Investigation: W. Morales-Suárez and H.A. Váquiro-Herrera. Methodology:  
W. Morales-Suárez and H.A. Váquiro-Herrera. Project administration: H.A. Váquiro-Herrera. Resources: 
S. Elliott. Software: H.A. Váquiro-Herrera. Supervision: H.A. Váquiro-Herrera. Writing-original draft:  
W. Morales-Suárez and H.A. Váquiro-Herrera. Writing-review & editing: W. Morales-Suárez, S. Elliott 
and H.A. Váquiro-Herrera.

Acknowledgments

The authors acknowledge the financial support from the Departamento del Tolima and the Ministry 
of Science, Technology, and Innovation of Colombia through the “Convocatoria 755/2016 - Formación 
de Capital Humano de Alto Nivel para el Departamento de Tolima” and financial and logistical support 
from the University of Tolima and the poultry farm “San Carlos”.

References

Abd El-Hack, M. E.; Elnesr, S. S.; Alagawany, M.; Gado, A.; Noreldin, A. E. and Gabr, A. A. 2020. Impact of green tea  
(Camellia sinensis) and epigallocatechin gallate on poultry. World’s Poultry Science Journal 76:49-63.  
https://doi.org/10.1080/00439339.2020.1729672

Abo Ghanima, M. M.; Alagawany, M.; Abd El-Hack, M. E.; Taha, A.; Elnesr, S. S.; Ajarem, J.; Allam, A. A. and Mahmoud, 
A. M. 2020. Consequences of various housing systems and dietary supplementation of thymol, carvacrol, and 
euganol on performance, egg quality, blood chemistry, and antioxidant parameters. Poultry Science 99:4384-4397.  
https://doi.org/10.1016/j.psj.2020.05.028

https://doi.org/10.1080/00439339.2020.1729672
https://doi.org/10.1016/j.psj.2020.05.028


R. Bras. Zootec., 51:e20210204, 2022

Multivariate analysis of sources of polyunsaturated fatty acids, selenium, and chromium on the productive...
Morales-Suárez et al.

21

Alagawany, M.; Elnesr, S. S.; Farag, M. R.; Abd El-Hack, M. E.; Barkat, R. A.; Gabr, A. A.; Foda, M. A.; Noreldin, A. E.;  
Khafaga, A. F.; El-Sabrout, K.; Elwan, H. A. M.; Tiwari, R.; Yatoo, M. I.; Michalak, I.; Di Cerbo, A. and Dhama, K.  
2021a. Potential role of important nutraceuticals in poultry performance and health - A comprehensive review.  
Research in Veterinary Science 137:9-29. https://doi.org/10.1016/j.rvsc.2021.04.009

Alagawany, M.; Elnesr, S. S.; Farag, M. R.; Abd El-Hack, M. E.; Khafaga, A. F.; Taha, A. E.; Tiwari, R.; Yatoo, M. I.;  
Bhatt, P.; Khurana, S. K. and Dhama, K. 2019. Omega-3 and omega-6 fatty acids in poultry nutrition: Effect on  
production performance and health. Animals 9:573. https://doi.org/10.3390/ani9080573

Alagawany, M.; Elnesr, S. S.; Farag, M. R.; Tiwari, R.; Yatoo, M. I.; Karthik, K.; Michalak, I. and Dhama, K. 2021b. Nutritional 
significance of amino acids, vitamins and minerals as nutraceuticals in poultry production and health – a comprehensive 
review. Veterinary Quarterly 41:1-29. https://doi.org/10.1080/01652176.2020.1857887

Ameer, K.; Bae, S.-W.; Jo, Y.; Lee, H.-G.; Ameer, A. and Kwon, J.-H. 2017. Optimization of microwave-assisted extraction  
of total extract, stevioside and rebaudioside-A from Stevia rebaudiana (Bertoni) leaves, using response 
surface methodology (RSM) and artificial neural network (ANN) modelling. Food Chemistry 229:198-207.  
https://doi.org/10.1016/j.foodchem.2017.01.121

Daza, L. D.; Homez-Jara, A.; Solanilla, J. F. and Váquiro, H. A. 2018. Effects of temperature, starch concentration,  
and plasticizer concentration on the physical properties of ulluco (Ullucus tuberosus Caldas)-based edible films. 
International Journal of Biological Macromolecules 120:1834-1845. https://doi.org/10.1016/j.ijbiomac.2018.09.211

Delezie, E.; Rovers, M.; Van der Aa, A.; Ruttens, A.; Wittocx, S. and Segers, L. 2014. Comparing responses to different 
selenium sources and dosages in laying hens. Poultry Science 93:3083-3090. https://doi.org/10.3382/ps.2014-04301

Faridi, A.; Mottaghitalab, M.; Rezaee, F. and France, J. 2011. Narushin-Takma models as flexible alternatives for describing 
economic traits in broiler breeder flocks. Poultry Science 90:507-515. https://doi.org/10.3382/ps.2010-00825

Fraeye, I.; Bruneel, C.; Lemahieu, C.; Buyse, J.; Muylaert, K. and Foubert, I. 2012. Dietary enrichment of eggs with omega-3  
fatty acids: A review. Food Research International 48:961-969. https://doi.org/10.1016/j.foodres.2012.03.014

Gitoee, A.; Sadeghi, G. and Karimi, A. 2018. Combination effects of organic and inorganic chromium on production 
performance, reproductive response, immune status, and maternal antibody transmission in breeder quails under  
heat stress. Biological Trace Element Research 184:508-516. https://doi.org/10.1007/s12011-017-1205-x

Hanafy, M. M. 2011. Influence of adding organic chromium in diet on productive traits, serum constituents and  
immune status of Bandarah laying hens and semen physical properties for cocks in winter season. Egyptian Poultry 
Science Journal 31:203-216.

He, X.; Lin, Y.; Lian, S.; Sun, D.; Guo, D.; Wang, J. and Wu, R. 2020. Selenium deficiency in chickens induces intestinal 
mucosal injury by affecting the mucosa morphology, SIgA secretion, and GSH-Px activity. Biological Trace Element 
Research 197:660-666. https://doi.org/10.1007/s12011-019-02017-6

Jing, C. L.; Dong, X. F.; Wang, Z. M.; Liu, S. and Tong, J. M. 2015. Comparative study of DL-selenomethionine vs  
sodium selenite and seleno-yeast on antioxidant activity and selenium status in laying hens. Poultry Science  
94:965-975. https://doi.org/10.3382/ps/pev045

Khan, R. U.; Naz, S.; Dhama, K.; Saminathan, M.; Tiwari, R.; Jeon, G. J.; Laudadio, V. and Tufarelli, V. 2014. Modes of  
action and beneficial applications of chromium in poultry nutrition, production and health: a review. International  
Journal of Pharmacology 10:357-367. https://doi.org/10.3923/ijp.2014.357.367

Küçükersan, K.; Yeşilbağ, D. and Küçükersan, S. 2010. Influence of different dietary oil sources on performance and 
cholesterol content of egg yolk in laying hens. Journal of Biological and Environmental Sciences 4:117-122.

Laika, M. and Jahanian, R. 2015. Dietary supplementation of organic selenium could improve performance, antibody 
response, and yolk oxidative stability in laying hens fed on diets containing oxidized fat. Biological Trace Element  
Research 165:195-205. https://doi.org/10.1007/s12011-015-0251-5

Macari, M. and Maiorka, A. 2017. Fisiologia das aves comerciais. Fundação de Apoio a Pesquisa, Ensino e Extensão, Jaboticabal.

Madkour, M.; Ali, H. M.; Yassein, S. A.; Abdel-Fattah, S. A.; El-Allawy, H. M. and El-Wardany, I. 2015. Effect of dietary  
organic selenium supplement on growth and reproductive performance of Japanase quail breeders and their progeny  
and its relation to antioxidation and thyroid activity. International Journal of Poultry Science 14:317-324.

Madkour, M.; Salman, F. M.; El-Wardany, I.; Abdel-Fattah, S. A.; Alagawany, M.; Hashem, N. M.; Abdelnour, S. A.; El-Kholy, 
M. S. and Dhama, K. 2022. Mitigating the detrimental effects of heat stress in poultry through thermal conditioning  
and nutritional manipulation. Journal of Thermal Biology 103:103169. https://doi.org/10.1016/j.jtherbio.2021.103169

MathWorks. 2019. MATLAB user’s guide. The MathWorks, Inc., Natick, MA.

Maurer, N. E.; Hatta-Sakoda, B.; Pascual-Chagman, G. and Rodriguez-Saona, L. E. 2012. Characterization and  
authentication of a novel vegetable source of omega-3 fatty acids, sacha inchi (Plukenetia volubilis L.) oil. Food  
Chemistry 134:1173-1180. https://doi.org/10.1016/j.foodchem.2012.02.143

Mehri, M.; Ghazaghi, M.; Bagherzadeh-Kasmani, F. and Rokouei, M. 2016. A simple estimation of ideal profile of  
essential amino acids and metabolizable energy for growing Japanese quail. Journal of Animal Physiology and Animal 
Nutrition 100:680-685. https://doi.org/10.1111/jpn.12426

https://doi.org/10.1016/j.rvsc.2021.04.009
https://doi.org/10.3390/ani9080573
https://doi.org/10.1080/01652176.2020.1857887
https://doi.org/10.1016/j.foodchem.2017.01.121
https://doi.org/10.1016/j.ijbiomac.2018.09.211
https://doi.org/10.3382/ps.2014-04301
https://doi.org/10.3382/ps.2010-00825
https://doi.org/10.1016/j.foodres.2012.03.014
https://doi.org/10.1007/s12011-017-1205-x
https://doi.org/10.1007/s12011-019-02017-6
https://doi.org/10.3382/ps/pev045
https://doi.org/10.3923/ijp.2014.357.367
https://doi.org/10.1007/s12011-015-0251-5
https://doi.org/10.1016/j.jtherbio.2021.103169
https://doi.org/10.1016/j.foodchem.2012.02.143
https://doi.org/10.1111/jpn.12426


R. Bras. Zootec., 51:e20210204, 2022

Multivariate analysis of sources of polyunsaturated fatty acids, selenium, and chromium on the productive...
Morales-Suárez et al.

22

Mir, S. H.; Pal, R. P.; Mani, V.; Malik, T. A.; Ojha, L. and Yadav, S. 2018. Role of dietary minerals in heat-stressed poultry:  
A review. Journal of Entomology and Zoology Studies 6:820-826.

Mirfendereski, E. and Jahanian, R. 2015. Effects of dietary organic chromium and vitamin C supplementation on 
performance, immune responses, blood metabolites, and stress status of laying hens subjected to high stocking  
density. Poultry Science 94:281-288. https://doi.org/10.3382/ps/peu074

Morales, W.; Ospina, I. C.; Méndez, J. J. and Váquiro, H. A. 2018. Modeling and optimization of essential amino acids  
effects on productive performance in second-cycle hens. IOP Conference Series: Materials Science and Engineering 
437:012010. https://doi.org/10.1088/1757-899X/437/1/012010

Morales-Suárez, W.; Ospina-Rojas, I. C.; Méndez-Arteaga, J. J.; Ferreira, A. H. N. and Váquiro-Herrera, H. A. 2021.  
Multivariate modeling strategies to predict nutritional requirements of essential amino acids in semiheavy  
second-cycle hens. Revista Brasileira de Zootecnia 50:e20200262. https://doi.org/10.37496/rbz5020200262

Narinc, D.; Uckardes, F. and Aslan, E. 2014. Egg production curve analyses in poultry science. World’s Poultry Science 
Journal 70:817-828. https://doi.org/10.1017/S0043933914000877

Nassef, E. E.; Bakr, A. A. and Salama, A. S. 2019. Feeding a definite concentration of eicosapentaenoic and 
docosahexaenoic fatty acids to laying hens. Journal of the Hellenic Veterinary Medical Society 70:1393-1400. 
https://doi.org/10.12681/jhvms.20345

Nossent, J.; Elsen, P. and Bauwens, W. 2011. Sobol’ sensitivity analysis of a complex environmental model. Environmental 
Modelling and Software 26:1515-1525. https://doi.org/10.1016/j.envsoft.2011.08.010

Otwinowska-Mindur, A.; Gumułka, M. and Kania-Gierdziewicz, J. 2016. Mathematical models for egg production in  
broiler breeder hens. Annals of Animal Science 16:1185-1198. https://doi.org/10.1515/aoas-2016-0037

Pappas, A. C.; Acamovic, T.; Sparks, N. H. C.; Surai, P. F. and McDevitt, R. M. 2005. Effects of supplementing broiler  
breeder diets with organic selenium and polyunsaturated fatty acids on egg quality during storage. Poultry Science 
84:865-874. https://doi.org/10.1093/ps/84.6.865

Payne, R. L.; Lavergne, T. K. and Southern, L. L. 2005. Effect of inorganic versus organic selenium on hen production  
and egg selenium concentration. Poultry Science 84:232-237. https://doi.org/10.1093/ps/84.2.232

Rostagno, H. S.; Albino, L. F. T.; Donzele, J. L.; Gomes, P. C.; Oliveira, R. F.; Lopes, D. C.; Ferreira, A. S.; Barreto, S. L. T.  
and Euclides, R. F. 2011. Tablas brasileñas para aves y cerdos: composición de alimentos y requerimientos  
nutricionales. 3.ed. Universidade Federal de Viçosa, Viçosa, MG, Brazil.

Safari-Aliqiarloo, A.; Faghih-Mohammadi, F.; Zare, M.; Seidavi, A.; Laudadio, V.; Selvaggi, M. and Tufarelli, V. 2017.  
Artificial neural network and non-linear logistic regression models to fit the egg production curve in commercial-type 
broiler breeders. European Poultry Science 81. https://doi.org/10.1399/eps.2017.212

Sahin, N.; Hayirli, A.; Orhan, C.; Tuzcu, M.; Komorowski, J. R. and Sahin, K. 2018. Effects of the supplemental chromium 
form on performance and metabolic profile in laying hens exposed to heat stress. Poultry Science 97:1298-1305.  
https://doi.org/10.3382/ps/pex435

Saleh, A. A. 2013. Effects of fish oil on the production performances, polyunsaturated fatty acids and cholesterol  
levels of yolk in hens. Emirates Journal of Food and Agriculture 25:605-612. https://doi.org/10.9755/ejfa.v25i8.14005

Saltelli, A.; Aleksankina, K.; Becker, W.; Fennell, P.; Ferretti, F.; Holst, N.; Sushan, L. and Wu, Q. 2019. Why so many  
published sensitivity analyses are false: A systematic review of sensitivity analysis practices. Environmental Modelling 
and Software 114:29-39. https://doi.org/10.1016/j.envsoft.2019.01.012

Siloto, E. V. 2014. Efeito da suplementação de cromo em dois níveis energéticos para poedeiras leves. Tese (D.Sc.). 
Universidade Estadual Paulista, Botucatu.

Surai, P. F. 2020. Antioxidants in poultry nutrition and reproduction: an update. Antioxidants 9:105.  
https://doi.org/10.3390/antiox9020105

Surai, P. F. and Fisinin, V. I. 2016a. Vitagenes in poultry production: Part 3. Vitagene concept development. World’s  
Poultry Science Journal 72:793-804. https://doi.org/10.1017/S0043933916000751

Surai, P. F. and Fisinin, V. I. 2016b. Vitagenes in poultry production: Part 1. Technological and environmental stresses. 
World’s Poultry Science Journal 72:721-734. https://doi.org/10.1017/S0043933916000714

Surai, P. F. and Kochish, I. I. 2019. Nutritional modulation of the antioxidant capacities in poultry: the case of selenium. 
Poultry Science 98:4231-4239. https://doi.org/10.3382/ps/pey406

Surai, P. F.; Kochish, I. I.; Fisinin, V. I. and Kidd, M. T. 2019. Antioxidant defence systems and oxidative stress in  
poultry biology: an update. Antioxidants 8:235. https://doi.org/10.3390/antiox8070235

Surai, P. F.; Kochish, I. I.; Fisinin, V. I. and Velichko, O. A. 2018. Selenium in poultry nutrition: from sodium selenite to 
organic selenium sources. The Journal of Poultry Science 55:79-93. https://doi.org/10.2141/jpsa.0170132

Torki, M.; Zangeneh, S. and Habibian, M. 2014. Performance, egg quality traits, and serum metabolite concentrations  
of laying hens affected by dietary supplemental chromium picolinate and vitamin C under a heat-stress condition. 
Biological Trace Element Research 157:120-129. https://doi.org/10.1007/s12011-013-9872-8

https://doi.org/10.3382/ps/peu074
https://doi.org/10.1088/1757-899X/437/1/012010
https://doi.org/10.37496/rbz5020200262
https://doi.org/10.1017/S0043933914000877
https://doi.org/10.12681/jhvms.20345
https://doi.org/10.1016/j.envsoft.2011.08.010
https://doi.org/10.1515/aoas-2016-0037
https://doi.org/10.1093/ps/84.6.865
https://doi.org/10.1093/ps/84.2.232
https://doi.org/10.1399/eps.2017.212
https://doi.org/10.3382/ps/pex435
https://doi.org/10.9755/ejfa.v25i8.14005
https://doi.org/10.1016/j.envsoft.2019.01.012
https://doi.org/10.3390/antiox9020105
https://doi.org/10.1017/S0043933916000751
https://doi.org/10.1017/S0043933916000714
https://doi.org/10.3382/ps/pey406
https://doi.org/10.3390/antiox8070235
https://doi.org/10.2141/jpsa.0170132
https://doi.org/10.1007/s12011-013-9872-8

