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Summary 

Many factors interact and many objectives compete in the optimal production of broilers. 

This paper summarizes the nonlinear effects of dietary balanced protein and dietary energy on 

feed intake, growth curves, and yield dynamics for one strain of broilers. Sex, prestarter 

nutrition, and subsequent dietary energy and protein levels had significant nonlinear effects on 

broiler feed intake, growth rates and yield dynamics. These effects have been quantified using 

previously available and novel nonlinear models. Feed is the largest single cost in broiler 

production, but predicting intake has proved challenging for the animal science community. 

Therefore modeling growth profiles has received much attention in recent years. In this paper, a 

nonlinear mixed model that describes scenario-specific growth curves, crucial for the timing of 

processing, is presented. Yield dynamics are explored under various nutritional scenarios aiming 

at the prediction of carcass value. This paper provides an integrated generalized nonlinear model 

that can be applied to a wide range of supply chain optimization problems. Data specific to 

strain, production conditions, or particular environments, will improve the value of the model in 

commercial applications. 

Introduction 

Broiler growth and development are dynamic processes. During the first week of life, 

development of the gastrointestinal (GI) tract is a high priority. Around 25% of the total BW 

gain during the first week is accounted for by the GI tract, corresponding to a 4-fold increase in 

GI weight during that time. Conversely, even though the breast increases 16-fold in weight 

during the first 7 d, it accounts for only 10% of the total BW gain of the first week. As the broiler 

grows to market weight, these priorities reverse dramatically (Figure 1).  

As BW increases, so does the absolute value of the carcass. However, since not every 

portion of the carcass has the same value, and because carcass proportions change both with both 

age and nutrient intake, the value of the carcass changes nonlinearly as a bird develops. 

Nevertheless, the portion that depends on nutrient intake can be manipulated to a significant 

degree through diet formulation.  
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Different 

tissues have different 

nutrient and energy 

requirements, both for 

deposition and for 

maintenance. Retained 

energy differs for 

muscle tissue (4 

kcal/g) and adipose 

tissue (9 kcal/g). The 

maintenance 

requirements of tissues 

relate to a large degree 

on the cost of protein 

turnover and ion 

transport. Gill et al. 

(1989) reported that in 

growing lambs the GI 

tract and liver 

accounted for almost two-thirds of the ion transport energy expenditure. For protein turnover, the 

relative contributions of various organ systems to the total energy expenditure were 

approximately 25% each for the GI tract, skin, and muscle, and only 0.5% for adipose tissue. 

Thus, the energetic cost of gain depends on the composition of gain, and the energy cost of 

maintenance depends on the current body composition.  

In order to optimize the process of commercial production, accurate models of feed 

intake, growth, and carcass yield dynamics are of crucial economic importance. To be of value to 

the supply chain, a model must take into consideration the natural physiological processes as 

well as the nutrition-induced dynamics that affect growth and development. Given that the value 

of a carcass can be manipulated through diet formulation, the optimization of a particular end 

product may be associated with specific nutrient requirements that require a different dietary 

formulation. The cost implications of situations that demand variable nutritional inputs are 

probably the most frequent challenge of optimization processes. The objective of this paper is to 

provide a decision making tool that takes into account the impact of diet on carcass value and 

enables supply chain optimization through improved nutrition-related decisions. 

Experimental Design 

A study was conducted to investigate the simultaneous interactions of dietary energy and 

dietary balanced protein (DBP) on performance of broilers to 56 d of age. At hatch, 3,424 Cobb 

x Avian 48 chicks were randomly assigned to one treatment within a 2 x 2 x 3 x 5 factorial 

arrangement of treatments. The experimental design consisted of 2 sexes; 2 levels of prestarter; 3 
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Figure 1. Development of the broiler carcass is dynamic. Early in life, 

development of supply and structural components is a priority. By 3 wk of 

age, priority shifts to muscle growth (meat yield). Source: Zuidhof, 

unpublished data. 
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dietary ME levels; and 5 DBP levels. The prestarter was fed from 0 to 11 days of age, and the 

different levels of ME and DBP from 11 to 56 days. The dietary ME levels were 94, 97, and 

100% of the breeder’s dietary recommendations for maximum growth rate and feed efficiency 

(E94, E97, and E100, respectively; Cobb Broiler Nutrition Supplement, 2004, Cobb-Vantress, 

Inc., Siloam Springs, AR, 72761). Target ME levels for the E94, E97 and E100 treatments, 

respectively, were 2,960, 3,055, and 3,150 kcal/kg in the starter phase; 3,010, 3,105, and 3,200 

kcal/kg in the grower phase; and 3,055, 3,155, and 3,250 kcal/kg in the finisher phase. 

The DBP levels were 85, 92.5, 100, 107.5, and 115% of the same recommendations (P85, 

P92.5, P100, P107.5, and P115, respectively), with Met, Met + Cys, Trp, Thr, and Arg on a total 

amino acid basis in constant proportions to Lys. Target %CP (%Lys) levels for the P85, P92.5, 

P100, P107.5, and P115 treatments, respectively, were 17.9 (1.02), 19.4 (1.11), 21.0 (1.20), 22.6 

(1.29), and 24.2 (1.38) in the starter phase; 16.2 (0.94), 17.6 (1.02), 19.0 (1.10), 20.4 (1.18), and 

21.9 (1.27) in the grower phase; and 14.9 (0.85), 16.2 (0.93), 17.5 (1.00), 18.8 (1.08), and 20.1 

(1.15) in the finisher phase. The prestarter nutrient densities were based on breeder 

recommendations for maximizing growth rate and feed efficiency (HighPS), or reduced feed 

cost (LowPS). Sixteen pens (n=4 per treatment) were used for the prestarter phase. At 11 d of 

age, birds were redistributed to 60 pens (n=2 per treatment). Since after 11 days of age the birds 

on the prestarter treatments were assigned to the different ME and DBP treatments, it was 

possible to estimate the effect of prestarter on overall growth, but not on specific feed efficiency 

after 11 days of age. 

Nonlinear models were developed to describe BW, feed intake, and carcass yield 

dynamics. A total of 1,200 broilers were individually weighed weekly, and at redistribution. 

These longitudinal BW data were subjected to nonlinear mixed Gompertz model analysis to 

estimate growth curves for each treatment (Wang and Zuidhof, 2005). The model accounted for 

individual variation in growth rates, and provided treatment-specific predictions of growth. A 

total of 1,920 broilers were dissected twice weekly from 21 to 56 d of age to evaluate the effects 

of sex and diet on the allometry (yield dynamics) of breast meat, legs, wings, and abdominal 

fatpad (Huxley, 1932). Paired F-tests were used (Motulsky and Ransnas, 1987) to test for 

significant differences between treatment-specific growth and yield curves. A nonlinear model 

based on a Cobb-Douglas form (Griffin et al. 1987) was developed using a stepwise procedure to 

estimate feed intake as a function of BW, ME, Lys, gain, and sex. 

Results and Discussion 

Feed Intake 

The final form of the feed intake model incorporated significant components of BW, 

nutrient composition of the feed, sex, and BW gain. The feed intake model, with the final 

estimated coefficients was: 

ME intake = 0.14BW
0.456

(ME/Lys)
1.227

(1-0.013 x Sex) + 0.67ADG
1.44

 (1-0.17 x Sex)  
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where BW was average body weight (kg) of the broilers during the time period during which feed 

intake was measured, ME/Lys was the ratio of metabolizable energy content of the feed to the 

lysine content of the feed provided in the same period (kcal/g), sex was a dummy variable for sex 

of the birds (0 = female; 1 = male; 

0.5 = mixed sex), and ADG was 

the average daily BW gain for the 

period. The model predicted ME 

intakes with reasonable accuracy. 

Figure 2 illustrates sex-related 

differences in feed intake. At 

higher BW, females grew at a 

slower rate, and thus consumed 

less ME per unit of BW than 

males. The model predicted lower 

intake with higher dietary ME 

levels, which was confirmed by 

analysis of variance (data not 

shown). Similarly, the analysis of 

variance indicated that ME intake 

was slightly higher at low BW, 

which the current feed intake 

model predicted. Analysis of 

variance indicated that feed intake 

was maximized at recommended 

(P100) DBP levels. The main 

difference was increased feed 

intake in P100 compared to P85 

from 28 to 42 d; this effect was 

predicted by the current nonlinear 

model. These differences in feed 

intake are for supply chain 

optimization, as feed is the single 

largest contributor to the cost of 

raising broilers.  

The coefficients of the 

ME intake model reflect 

underlying biological 

mechanisms associated with feed 

intake. The maintenance 

component of the model (intake 

 

 

 

Figure 2. Actual and predicted ME intake for sex (top panel), 

dietary energy content (middle panel) and dietary balanced 

protein (bottom panel). See text for model description. 
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as a function of BW) infers that the maintenance component of males was lower (1.3%) than that 

of females. This is somewhat surprising since males have a greater proportion of lean tissue, and 

thus would be expected to have lower maintenance requirements than females. Shalev and 

Pasternak (1998) reported a 5 to 9% higher theoretical maintenance requirements in male 

broilers compared to females. In contrast, Samadi and Liebert (2006) found 1.5 to 11% higher 

nitrogen maintenance requirements in female broiler chickens than in males. The latter finding is 

consistent with the inference of the current model, though it is worth noting that the 1.3% 

difference in maintenance requirements of males predicted by the current model, though 

significant is a relatively small difference.  

The exponential coefficient 

(1.44) on average daily gain indicates 

that the energy cost of growth 

increases with increasing growth rate. 

This is likely due to the differences in 

fat deposition as broilers mature. The 

energy cost estimate for average daily 

gain was 17% lower for males than for 

females. This is also likely due to the 

fact that females in general (and in the 

current experiment) deposit more fat 

than males. Comparison of a linear 

model analysis using the current data 

set and carcass composition data from 

the same trial inferred that the 

estimated energy requirement was 

1.52 kcal/g for breast muscle, 

compared to 5.22 kcal/g for fatpad. 

Growth 

The Gompertz growth model 

and the coefficients estimated for all 

of the main treatment effects are 

presented in Table 1. These can be 

used to predict BW at any age for each 

treatment. Statistical comparison of 

Gompertz growth curves inferred that 

male broilers grew faster than female 

broilers (P<0.0001). 

In males only, each decreasing 

dietary ME treatment resulted in an 

Table 1. Coefficients for a nonlinear mixed Gompertz 

model1 describing the growth of male and female broilers 

provided diets with varied ME and dietary balanced 

protein (DBP) levels: main effects. 

Effect Treatment Wm B σ2
u ε

 

PS 2 PSHigh 5.964 0.0435  0.512 0.073 
 PSLow 6.165 0.0425  0.564  0.071 
Sex Female 5.235  0.0439  0.175  0.060 
 Male 6.837  0.0425  0.330  0.074 
DBP 3 P85 6.116  0.0424  0.449  0.071 
 P92.5 6.025  0.0432  0.503  0.071 
 P100 6.113  0.0432  0.530  0.073 
 P107.5 6.164  0.0429  0.645  0.071 
 P115 5.892  0.0434  0.556  0.075 
ME 4 E94 6.224  0.0423  0.579  0.071 
 E97 6.039  0.0430  0.576  0.072 
 E100 5.921  0.0437  0.466  0.073 
1 

The nonlinear mixed model was Wit=(Wm+ui)exp
−exp(b(t−t*))

+εit 
where Wit was the expected BW (kg) of individual i at age t (d); 
Wm was the average mature BW of all birds within a treatment; 
ui was a random deviation of mature BW of the individual i 
from the average mature BW of its genotype [ui~N(0,σu

2
), and 

independent of εit]; b was a maturation rate (d
-1

); t* was the 
time (d) at which growth rate was maximum 
[t*=ln(−ln(W0/Wm))/b; initial chick weight,W0, was measured]; 
and εit was the residual error of individual BW measurements.  
2 

Prestarter nutrient levels were based on Cobb-Vantress 
recommendations for maximizing growth rate and feed 
efficiency (PSHigh), or for reduced feed cost (PSLow).  
3 

Five protein treatments (P85, P92.5, P100, P107.5, and P115), 
balanced for 6 amino acids were provided, at 85, 92.5, 100, 
107.5, and 115%, respectively, of Cobb-Vantress dietary 
specifications for maximum growth rate and feed efficiency.  
4 

Dietary ME treatments E94, E97, and E100 were 94, 97, and 

100% of Cobb-Vantress dietary specifications for maximum 

growth rate and feed efficiency. 
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upward shift of the BW curve (P<0.05). 

The shape of the BW curves indicates 

that the differences in BW were 

realized after 42 d of age. There were 

no ME effects on female BW curves. 

The only significant BW curve 

difference due to the main effect of 

dietary DBP was an upward shift of the 

P85 treatment BW curve relative to the 

P115 treatment (P=0.02). Predicted BW 

of the P85 broilers was higher than the 

P115 broilers from 42 to 56 d of age.  

The statistical curve 

comparisons demonstrated with a high 

level of confidence (P=0.0002) that the 

BW curve of broilers fed HighPS were 

shifted significantly higher compared to 

the LowPS treatment (Figure 3). The statistical analysis (confirmed with ANOVA) clearly 

demonstrated clearly that higher nutrient density during the first 11 d resulted in persistently 

higher broiler BW. 

Yield 

The allometric function describing yield was of the form y=ax
b
, where y was the weight 

(g) of the carcass part (i.e. breast, legs, fatpad, etc.); x was eviscerated BW (g), with head, neck, 

and feet removed; and a and b were coefficients. The allometric coefficient b is of particular 

biological interest, since b=1 is a linear function, meaning the part grows at the same rate as the 

body as a whole. If b<1, the part matures early, and if b>1 the part matures later. 

The breast muscle yield curve was shifted upward for females relative to males 

(P<0.0001). That is, at the same BW, females produced a higher proportion of breast meat. 

Increasing sex differences in breast muscle yield with increasing age have been observed in 

previous studies (Gous et al. 1999; Kidd et al., 2005; Zuidhof, 2005). The equations describing 

breast yield for females was y=0.135x
1.112

, and for males was y=0.166x
1.081

. The higher 

allometric coefficient for breast meat of females indicates that as the bird grows the rate of breast 

muscle growth in relation to the whole body increases at a higher rate in females than in males. 

Thus, at higher BW, the difference in breast muscle size between males and females is larger. In 

contrast, development of leg muscle (drum + thigh) was almost linear, and lower in females than 

in males (y=0.374x
0.979

 and y=0.321x
1.002

, respectively; P<0.0001). Wing yield was also lower in 

females than in males (y=0.368x
0.848

 and y=0.292x
0.882

, respectively; P<0.0001). The low 

allometric coefficient for wings indicates that they develop early relative to the rest of the body. 

 

Figure 3. Higher nutrient density during the prestarter 

phase resulted in a persistent increase in BW.  
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The effect of DBP in relation 

to breast yield in male and female 

broilers is summarized in Figure 4. 

Each reduction in DBP decreased 

breast meat yield in males as well as 

in females. Increasing DBP above 

recommended levels did not improve 

breast yield of females, while in 

males only a moderate increase in 

DBP (107.5% of recommended) 

shifted the breast yield curve upward. 

A further increase, to 115% of 

recommended DBP, did not further 

improve breast yield of males.  

The LowPS diet, which was 

formulated with lower nutrient 

density, resulted in a downward shift 

of the breast yield curve relative to 

the HighPS treatment (y=0.176x
1.075

 

and y=0.155x
1.092

, respectively; 

P=0.0378). Low dietary energy (E94) 

caused an upward shift in the breast 

yield curve relative to both the E97 

and E100 treatments (P<0.0001). This is likely due to an increase in protein intake with reduced 

dietary energy, as the birds in the E94 treatment increased their feed intake from 35 to 56 d of 

age; their ME intake did not differ during this period (data not shown). 

In both sexes, fatpad weights increase exponentially with age. Fatpad yield was higher in 

females than in males(y=0.008x
1.488

 and y=0.0026x
1.269

, respectively; P<0.0001). This is caused 

by differences in hormone balance related to preparation for egg production in females (Gous et 

al., 1999). Zuidhof (2005) assigned allometric coefficients for fatpad yield ranging from 1.23 to 

2.10 in females, and 1.09 to 2.17 in males, depending on the strain, with average values of 1.59 

for females, and 1.53 for males. These coefficients are in agreement with the results of the 

current trial in which fatpad yield was higher in females than in males (y=0.008x
1.488

 and 

y=0.0026x
1.269

, respectively; P<0.0001). 

Conclusions 

Sex, prestarter nutrition, and subsequent dietary energy and protein levels had significant 

nonlinear effects on broiler feed intake, growth rates and yield dynamics. To aid the process of 

optimizing nutritional programs, these effects have been quantified. Modeling feed intake is 

important because feed is the largest single cost in broiler production. Modeling growth profiles 
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is important for the timing of processing, while models of yield predict the value of the cut up 

carcass. This analysis provides the most valuable insight for the specific strain that was used. 

Although data specific to strain, production conditions, or particular environments will improve 

the value of the model in commercial applications, this paper provides an integrated generalized 

nonlinear model that can be applied to a wide range of supply chain optimization problems.  
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