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Abstract
A total of ten experimental diets with protein concentrations ranging from 154 to 400 g/kg and two lipid levels (46 and 85 g/kg) with identical
energy densities were offered to 240 male Ross 308 broilers from 7 to 28 d post-hatch. Growth performance was monitored and nutrient
utilisation (apparent metabolisable energy (AME), N-corrected AME (AMEn), AME daily intake, AME:gross energy ratios, N retention) was
determined. The weight gain response of broiler chickens to dietary protein concentrations in diets containing high and low lipid levels was
diverse, with the relevant quadratic regressions being significantly different (P< 0·05). With low lipid levels, the predicted maximum weight
gain of 1809 g/bird equated to 342 g/kg dietary protein, whereas, for high lipid levels the predicted maximum weight gain of 1694 g/bird
equated to 281 g/kg dietary protein. AME was linearly correlated with dietary protein concentration but regressions in diets with different lipid
content were not significantly different (P> 0·05). AMEn was also linearly (P< 0·0001) increased with dietary protein concentrations but
regressions in diets with low and high lipid content were significantly different (P< 0·03). Carcass protein content increased linearly with
dietary protein content in diets containing high lipid concentrations (r 0·933, P< 0·0001); by contrast, this relationship was quadratic (R2= 0·93,
P< 0·0001) in diets with low lipid levels. In conclusion, predictably, the effects of dietary protein concentrations on broiler performance were
profound; however, the impact of dietary protein on performance in broiler chickens was modified by dietary lipid concentrations.
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Skeletal muscle protein deposition requires both amino acids and
energy, especially as glucose(1). Consequently, the balance of
protein and energy at sites of protein synthesis is critical for
efficient net protein deposition. Dietary protein provides amino
acids and some energy; the balance is derived from the starch
and lipid components. Vegetable and animal protein meals, feed
grains and an increasing array of synthetic amino acids constitute
dietary protein. Dietary starch is the dominant energy source and
the majority of starch is derived from feed grains (maize, wheat,
barley, sorghum). Nevertheless, it is necessary to include lipid,
such as tallow or vegetable oil to meet recommended dietary
energy densities despite the relatively high cost of these feed
ingredients. Weight gains of broiler chickens are largely

determined by the quantity of feed consumed despite the
importance of dietary nutrient density and their bioavailability.
Both dietary protein concentrations and energy densities influ-
ence feed intakes and, consequently, growth performance of
broiler chickens. An earlier investigation(2) found that protein is
more important than starch and lipids for weight gain in broiler
chickens offered isoenergetic diets, and the balance of protein
and energy is pivotal for optimal feed efficiency. However,
sub-standard growth performance was observed in that study
because broiler chickens were offered powdery, mash diets. The
first aim of the present study is, therefore, to further examine the
previous findings using cold-pelleted diets, to test the responses
in the context of greater feed intakes.

Abbreviations: AIA, acid-insoluble ash; AME, apparent metabolisable energy; AMEn, N-corrected AME; EE, effective energy; FCR, feed conversion ratio.
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Apparent metabolisable energy (AME) is widely used in
practice to gratify the availability of energy in feed and feed
ingredients for maintenance and growth of animals. However, AME
does not account for the heat increment of feeding; therefore, it
cannot distinguish between two feeds with the same AME content
but differing in their chemical composition such that the increase in
heat production from feeding differs between the two(3).
Emmans(4) suggested that, in monogastric animals, the heat incre-
ment of feeding is considered to be linearly related to urinary N,
faecal organic matter and positive protein retention. The authors
also suggested effective energy (EE) as a refinement to the existing
AME system to take into account losses accompanying energy
utilisation derived from protein. Diets in the present study were
formulated to contain identical EE values (12·05MJ/kg), although
formulated energy densities expressed as AME ranged from 12·97
to 13·82MJ/kg. Experimental diets contained five graded levels of
dietary protein, ranging from 123 to 338g/kg, and the dietary
treatments were based on maize, soyabean meal, isolated soya
protein and casein with similar EE densities. Gous et al.(5) reported
that when broiler breeder pullets were offered isoenergetic
diets with different protein concentrations, energy consumption
increased with decreasing dietary protein concentrations and the
majority of the increased energy was derived from lipids. The
second aim of the present study is, therefore, to compare these
dietary treatments in the context of low and high dietary lipid levels
of 40 and 75g/kg. The primary objective was to investigate the
responses of growth, nutrient utilisation and carcass composition to
dietary protein and lipid concentrations, to improve prediction of
performance responses to diet in broiler chickens.

Methods

Diet preparation

The feeding study comprised ten dietary treatments based on
maize, soyabean meal, isolated soya protein, casein, synthetic
amino acids, sunflower oil and other minor ingredients. All the diets
were formulated to an EE density(3,4) in the order of 12·05MJ/kg
with five levels of protein concentrations (range of formulated
mean values: 123, 177, 230, 284 and 338 g/kg) and two levels of
lipid concentrations (40 and 75 g/kg). The diets with the same
lipid concentrations were formulated to contain five levels of
protein as stated and five starch to protein ratios (4·3, 2·8, 2·0,
1·5 and 1·1 g/g). The details of diet compositions and calculated
nutrient specifications in the dietary treatments are shown in
Table 1. The analysed dietary nutrient compositions are also
included in Table 1 and the statistical regressions were based on
analysed dietary nutrient compositions. Maize was hammer-
milled through a 3·2-mm sieve screen before being mixed with
the other ingredients and the diets were then cold-pelleted and
crumbled. Acid-insoluble ash (AIA) (CeliteTM; World Minerals)
was included in the diets at 20 g/kg as an inert marker to
determine nutrient digestibility coefficients at the distal jejunum
and distal ileum at 28 d post-hatch.

Bird management

This feeding study complied with the specific guidelines of
the Animal Ethics Committee of the University of Sydney. Male,

day-old chicks (Ross 308) were offered a commercial starter diet at
7 d post-hatch. They were then individually identified (wing-tags),
weighed and allocated to bioassay cages on the basis of body
weight in an environmentally controlled facility. There was no
statistical difference in the average body weight for each cage
at the beginning of the feeding study. Each of the ten dietary
treatments was offered to four replicate cages (six birds per cage)
or a total of 240 chicks from 7 to 28d post-hatch. Broilers had
unlimited access to water and feed under a ‘23h on–1h off’
lightingregimen for the first 3 d and then under a ‘16h on–8h off’
lighting regimen for the remainder of the feeding period. The
room temperature was maintained at 32°C for the 1st week, then
gradually decreased to 22±1°C by the end of the 3rd week and
maintained at the same temperature until the end of the feeding
study. Body weight and feed intake were recorded weekly, from
which feed conversion ratios (FCR) were calculated. The
incidence of dead or culled birds was recorded daily and their
body weight was used to adjust FCR calculations.

Sample collection and chemical analysis

Total excreta were collected from 25 to 27 d post-hatch from
each cage to determine parameters of nutrient utilisation,
including AME, AME:gross energy (GE) ratios (AME:GE), N
retention and N-corrected AME (AMEn). Excreta were dried in
an air-forced oven for 24 h at 80°C. The GE of diets and excreta
was determined by bomb calorimetry using an adiabatic
calorimeter (Parr 1281 bomb calorimeter; Parr Instruments Co.).
N content of diets and excreta was determined using an N
determinator (Leco Corporation).

The jejunum is the major site of glucose and amino acid
absorption(6); therefore, apparent digestibility coefficients of
starch and protein were determined in both the distal jejunum
and distal ileum. On day 28, all birds were euthanised using an
intravenous injection of sodium pentobarbitone, following
which the small intestine was removed and digesta samples
were collected in their entirety from the distal jejunum and
distal ileum. Jejunum and ileum were demarcated by the end of
the duodenal loop, Meckel’s diverticulum and the ileo–caecal
junction. Digesta samples from birds within a cage were
pooled, homogenised, freeze-dried and ground through a
0·5-mm screen. Starch concentration in diets and digesta
were determined using a procedure based on dimethyl
sulfoxide, α-amylase and amyloglucosidase, as described
by Mahasukhonthachat et al.(7). N concentrations and AIA
concentrations were determined as outlined by Siriwan et al.(8).
Lipid concentration was determined in duplicate using
automated Soxhlet extraction as described by Luque de Castro
and Priego-Capote(9). This apparatus uses a combination of
reflux boiling and Soxhlet extraction (both assisted by electrical
heating) to perform two extraction steps (boiling and rinsing),
followed by extractant recovery.

Two birds from each cage whose body weight was close to
the cage mean were selected for analysing carcass composition.
The carcass was weighed with feathers but without organs to
calculate eviscerated carcass yields. Then, the carcass was
autoclaved, ground and freeze-dried to analyse for GE, N and
lipid concentrations as described previously. Gross energy,
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protein (N) and lipid concentrations in the carcass were deter-
mined on a DM basis.

Calculations

The AME values of the diets were calculated on a DM basis from
the following equation:

AMEdiet=
feed intake ´GEdietð Þ� excreta output ´GEexcretað Þ

feed intakeð Þ :

AME:GE ratios were calculated by dividing AME by the GE of
the appropriate diets. N contents of diets and excreta were

determined using a N determinator and N retentions calculated
from the following equation:

Retention %ð Þ=
feed intake ´Nutrientdietð Þ� excreta output ´ Nutrientexcretað Þ

feed intake ´Nutrientdietð Þ ´100:

N-corrected AME (AMEn MJ/kg DM) values were calculated
by correcting N retention to zero using the factor of 36·54 kJ/g N
retained in the body(10). AME intakes (MJ/d DM) were calcu-
lated from dietary energy densities and average daily feed
intakes over the entire feeding period.

Table 1. Diet compositions and calculated nutrient specifications in experimental diets for broiler chickens from 7 to 28 d post-hatch

Diets (g/kg) 1 2 3 4 5 6 7 8 9 10

Maize 841 788 733 664 564 729 670 608 555 513
Soyabean meal 26·1 11·3 0·0 0·0 33·5 102·0 101·6 188·9 138·8 15·4
Isolated soya protein 52·2 115·0 173·6 223·1 251·4 0·0 58·7 80·2 168·2 272·6
Casein 0·0 0·0 1·8 15·5 59·0 0·0 0·0 0·0 0·0 0·0
Sunflower oil 6·7 8·8 10·8 13·3 16·6 45·7 47·8 49·0 51·4 54·3
Limestone 9·4 9·2 9·0 9·0 9·4 9·3 9·0 8·8 8·6 9·8
Dicalcium phosphate 21·5 21·8 22·1 22·1 21·1 26·6 26·9 20·6 21·4 22·8
Potassium bicarbonate 1·7 2·9 3·9 4·5 3·4 11·3 11·8 0·0 0·0 17·7
Sodium bicarbonate 3·7 2·0 0·4 0·0 0·0 5·2 3·6 3·0 0·6 0·0
Choline chloride 60% 8·7 8·5 8·3 7·8 6·3 10·2 9·7 4·7 5·3 7·8
L-Lysine HCl 3·0 3·8 5·1 4·8 1·7 2·8 3·9 3·5 3·8 5·0
DL-Methionine 1·5 2·9 4·3 5·6 7·2 1·7 3·3 4·8 5·6 7·6
L-Threonine 0·9 1·6 2·3 3·5 2·8 0·8 2·0 2·1 2·6 3·9
L-Valine 0·3 0·9 1·4 1·6 0·5 0·4 1·0 1·1 1·1 3·0
L-Isoleucine 0·6 0·9 1·2 1·6 0·1 0·7 1·3 1·0 0·9 1·6
L-Arginine 0·8 0·9 1·1 1·7 1·0 0·9 1·6 0·0 0·0 1·0
Premix* 2·0 2·0 2·0 2·0 2·0 2·0 2·0 2·0 2·0 2·0
Celite 20 20 20 20 20 20 20 20 20 20
Sodium bentonite 0·0 0·0 0·0 0·0 0·0 10·6 10·0 2·3 14·4 20·0
Cellulose 0·0 0·0 0·0 0·0 0·0 21·0 16·0 0·0 0·0 23·0
Calculated nutrient composition (g/kg)

EE (MJ/kg) 11·85 11·85 11·85 11·85 11·85 11·85 11·85 11·85 11·85 11·85
AMEn (MJ/kg) 12·76 12·91 13·04 13·22 13·48 12·62 12·78 13·01 13·20 13·23
Starch 565 520 475 431 386 493 451 408 365 322
Crude protein 130 185 240 295 350 115 168 220 273 325
Lipid 40·0 40·0 40·0 40·0 40·0 75·0 75·0 75·0 75·0 75·0
Protein:AME 10·2 14·3 18·4 22·3 26·0 9·1 13·1 16·9 20·7 24·6
Ca 11·5 11·5 11·5 11·5 11·5 11·5 11·5 11·5 11·5 11·5
Available P 4·7 4·7 4·7 4·7 4·7 4·7 4·7 4·7 4·7 4·7
Lysine† 7·3 10·4 13·9 16·9 19·6 6·3 9·8 12·5 15·5 18·2
Methionine 3·5 5·4 7·3 9·2 12·1 3·4 5·5 7·6 8·9 11·2
Cysteine 2·1 2·6 3·0 3·5 3·9 1·7 2·3 2·8 3·4 3·8
Threonine 4·9 6·9 9·0 11·8 13·6 4·2 6·8 8·7 10·7 12·8
Tryptophan 1·1 1·7 2·2 2·9 3·8 0·9 1·5 2·2 2·8 3·2
Valine 5·7 8·1 10·5 13·1 15·8 4·9 7·4 9·7 11·8 15·1
Arginine 7·8 11·3 14·7 18·6 21·4 6·4 10·7 12·8 16·8 20·6
Isoleucine 5·3 7·6 9·8 12·5 14·4 4·5 7·1 9·0 11·2 13·6
Histidine 3·3 4·3 5·2 6·3 7·9 2·8 3·8 5·0 6·2 6·9
Leucine 12·0 14·9 17·8 21·3 26·8 10·0 13·0 16·4 19·8 22·1
Na 1·6 1·6 1·6 1·9 2·3 1·6 1·6 1·6 1·6 2·2
K 4·0 4·0 4·0 4·0 4·0 9·0 9·0 6·1 4·8 9·0
Cl 2·7 3·5 4·2 4·5 4·0 2·4 3·1 2·5 3·4 5·0
Fibre 26·9 25·7 24·6 23·3 21·9 45·7 39·9 25·5 23·7 42·5

Analysed nutrient composition‡
Protein§ 165 217 269 317 420 143 191 255 322 379
Starch 513 492 429 454 348 459 499 463 344 332
Lipid 48·2 41·9 48·8 46·2 42·5 70·8 81·2 93·7 94·6 82·5

EE, effective energy; AME, apparent metabolisable energy; AMEn, N-corrected AME.
* The vitamin–mineral premix supplied per tonne of feed: (mIU) retinol, 12; cholecalciferol, 5; (g) tocopherol, 50; menadione, 3; thiamine, 3; riboflavin, 9; pyridoxine, 5; cobalamin,

0·025; niacin, 50; pantothenate, 18; folate, 2; biotin, 0·2; Cu, 20; Fe, 40; Mn, 110; Co, 0·25; I, 1; Mo, 2; Zn, 90; Se, 0·3.
† Digestible amino acids.
‡ DM basis.
§ Protein concentrations were determined by N content times the factor of 6·25.

252 S. Y. Liu et al.

https://doi.org/10.1017/S0007114517002070  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114517002070


Apparent digestibility coefficients of starch, protein (N) and
lipid were calculated from the following equation:

Digestibility coefficient =

nutrient =AIAð Þdiet� nutrient =AIAð Þdigesta
nutrient =AIAð Þdiet

:

Digestible intakes (g/bird) of starch, protein and lipid were
calculated from the following equation:

Digestible intake= total feed intake

´ dietary nutrient concentration

´ distal ileal digestibility coefficients:

Starch and protein (N) disappearance rates (g/bird per d)
were deduced from feed intakes over the final phase of the
feeding period from the following equation:

Nutrient disappearance rate ðg =bird per dÞ=
average daily feed intake ðg =bird per dÞ ´ dietary nutrient ðg =kgÞ
´ nutrient digestibility ðapparent digestibility coefficientÞ:

Ratios of starch to protein disappearance rates in the intestinal
segments were calculated as this effectively cancels the poten-
tially confounding influence of feed intake.

Statistical analysis

Experimental data were analysed using JMP® 9.0.0 (JMP Software;
SAS Institute Inc.) and response surfaces were generated using R
3.1.3 software. The experimental units were replicate cage means
and statistical procedures included ANOVA using the general
linear models and a probability level of <5% was considered to be
statistically significant. Linear and quadratic regressions were
considered and responses to DM basis-analysed dietary protein
concentrations in diets with different lipid content were compared
via ANCOVA. In addition, response surface plots (Fig. 2 and 3)
were constructed so that the effects from changing factor levels
on the examined responses may be visualised; the plots were
generated using generalised additive models with thin-plate
regression splines as the smoothing function. In addition, linear
and quadratic regressions were considered when appropriate.

Results

The influence of dietary protein and lipid concentrations on
growth performance in broiler chickens from 7 to 28 d post-
hatch is shown in Table 2. The overall mortality rate during the
experimental period was 6·25%, which was influenced by
dietary treatment (P= 0·001). Broiler chickens offered diet 10,
which had higher lipid concentration and the lowest starch to
protein ratio, had a significantly higher mortality rate (37·5%)
than the balance of the experimental diets.

There were quadratic relationships between protein
concentrations and weight gain in broiler chickens and the

Table 2. Effects of dietary treatments on growth performance in broiler chickens from 7 to 28d post-hatch

Diets Protein (g/kg) Lipid (g/kg) Feed intake (g/bird) Weight gain (g/bird) FCR (g/g) Mortality (%)

1 154* 46† 1885 998 1·888 0
2 204 46 2145 1543 1·391 0
3 262 46 2046 1675 1·220 4·2
4 320 46 2012 1726 1·168 8·3
5 400 46 1909 1688 1·132 4·2
6 154 85‡ 1657 657 2·523 4·2
7 204 85 2055 1270 1·621 0
8 262 85 2109 1674 1·260 0
9 320 85 1905 1609 1·187 4·2
10 400 85 1391 1212 1·146 37·5
SEM 61·2 48·4 0·0352 4·5
Model comparison: the significance of coefficients in models with high and low lipid concentrations

P X 2 × Lipid <0·001 <0·0001 0·583 –

X×Lipid 0·007 0·006 0·316 –

Intercept 0·004 0·001 0·014 –

Regressions
Low dietary lipid R2 0·29 0·90 0·94 –

P 0·053 <0·0001 <0·0001 –

Coefficients X 2 −0·0097 −0·024 2× 10−5 –

X 5·482 16·425 −0·015 –

Intercept 1298·7 −1001·3 3·742 –

High dietary lipid R2 0·83 0·93 0·950 –

P <0·0001 <0·0001 <0·0001 –

Coefficients X 2 −0·0318 −0·054 4× 10−5 –

X 17·279 30·389 −0·029 –

Intercept 276·3 −2581·7 6·054 –

FCR, feed conversion ratio.
* Average analysed dietary protein concentrations in the two diets containing similar starch to protein ratio. For example, 154 g/kg was derived from analysed protein concentration

of 165 g/kg in diet 1 and 143g/kg in diet 6.
† Average analysed dietary lipid concentration from diets 1 to 5.
‡ Average analysed dietary lipid concentration from diets 6 to 10.
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quadratic regressions in diets with different lipid content were
significantly different (P< 0·05) as shown in Table 2 and
illustrated in Fig. 1. Similarly, different quadratic relationships

(P< 0·05) were observed between feed intake, FCR and protein
concentrations in broiler chickens offered diets containing 46 and
85g/kg dietary lipid. The maximum weight gain of 1809 g/kg was
predicted when dietary protein equalled 342 g/kg in diets with
low lipid concentrations, whereas the maximum weight gain of
1694 g/kg was predicted when dietary protein equalled 281 g/kg
in diets with high lipid concentrations. The maximum feed intake
of 2073 g/kg was predicted when dietary protein equalled
283 g/kg in diets with low lipid concentrations, whereas the
maximum feed intake of 2624 g/kg was predicted when dietary
protein equalled 272 g/kg in diets with high lipid concentrations.
The influence of dietary protein on feed intake was more
pronounced in diets containing high lipid concentrations. The
predicted minimum FCR was 0·930 g/g when dietary protein
equalled 375 g/kg in diets with low lipid concentrations, whereas
the minimum FCR of 0·798g/g was predicted when dietary
protein equalled 363 g/kg in diets with high lipid concentrations.
However, both predicted FCR were <1g/g, which is not
realistic.

The effects of dietary treatments on nutrient utilisation in broiler
chickens from 25 to 27d post-hatch are shown in Table 3. AME
was linearly correlated with dietary protein concentrations but
regressions in diets with different lipid contents were not
significantly different (P> 0·05). Therefore, the linear regression
between AME and dietary protein concentrations across all
dietary treatments is included in Table 3 (r 0·911, P< 0·0001).
AMEn was also linearly correlated with dietary protein con-
centrations and regressions in diets with different lipid content
were significantly different (P< 0·03). In low-lipid diets, the linear
regression between AMEn and dietary protein concentrations was
y = 0·0061x+12·672 (r 0·849, P< 0·0001), whereas in high-lipid
diets the linear regression between AMEn and dietary protein
concentrations was y= 0·0121x+11·454 (r 0·906, P< 0·0001).
There were quadratic relationships between AME intake and
dietary protein concentrations (P< 0·05), and the quadratic
regressions in diets with different lipid contents were significantly
different (P< 0·03). The predicted maximum AME intake of
1·601MJ/d corresponded to 349 g/kg dietary protein in diets with
low lipid concentrations, whereas the maximum AME intake of
1·671MJ/d was predicted when dietary protein equalled 266 g/kg
in diets with high lipid concentrations. Quadratic relationships
between AME:GE ratio (R2= 0·34, P< 0·001), N retention
(R2= 0·25, P= 005) and dietary protein content were only
significant in diets containing low lipid. The maximum AME:GE
ratios of 0·875MJ/MJ was predicted when dietary protein equalled
333 g/kg in diets with low lipid concentrations. The maximum N
retention of 78·86% was predicted when dietary protein equalled
254 g/kg in diets with low lipid concentrations.

The responses of apparent digestibility coefficients of
protein (N), starch and lipid in the distal jejunum and distal
ileum at 28 d post-hatch are shown in Table 4. Apparent protein
digestibility coefficients were positively correlated with dietary
protein concentrations in the jejunum and ileum but there were
no significant differences between linear regressions of protein
digestibility in diets with different lipid concentrations
(P> 0·25). Thus, the combined linear regression across all
dietary treatments is shown in Table 4. The linear regression
between apparent jejunal digestibility of protein (N) and dietary

2000

1800

1600

1400

1200

1000

800

600

400

200

0

2500

2000

1500

1000

500

0

3.0

2.5

2.0

1.5

1.0

0.5

0

W
ei

gh
t g

ai
n 

(g
/b

ird
)

F
ee

d 
in

ta
ke

 (
g/

bi
rd

)
F

C
R

 (
g/

g)

0 100 200 300 400 500

Analysed protein concentrations (g/kg)

0 100 200 300 400 500

0 100 200 300 400 500

Analysed protein concentrations (g/kg)

Analysed protein concentrations (g/kg)

(a)

(b)

(c)
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and growth performance in broiler chickens offered diets with low ( ) and high ( )
lipid concentrations: (a) weight gain; (b) feed intake; (c) feed conversion ratio (FCR).
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protein concentrations was y= 3·51× 10 − 5x + 0·6909 (r 0·583,
P< 0·0001), whereas the relationship between apparent ileal
digestibility of protein (N) and dietary protein concentrations
was y= 2·98× 10 − 4 x + 0·7965 (r 0·819, P< 0·0001).

Table 5 shows the response to dietary treatments on apparent
disappearance rates of protein, starch and lipid in the distal
jejunum and ileum. In the jejunum, protein disappearance rates
linearly increased with dietary protein content in diets

Table 3. Effects of dietary treatments on nutrient utilisation in broiler chickens from 25 to 27d post-hatch

Diets Protein (g/kg) Lipid (g/kg) AME (MJ/kg)* AMEn (MJ/kg) AME intake (MJ/d) AME:GE (MJ/MJ)† N retention (%)†

1 154 46 14·87 13·90 1·333 0·853 78·85
2 204 46 15·28 13·78 1·560 0·870 80·64
3 262 46 16·26 14·42 1·585 0·883 80·53
4 320 46 15·84 14·34 1·518 0·862 71·53
5 400 46 17·47 15·40 1·589 0·870 70·03
6 154 85 13·51 13·02 1·067 0·779 70·15
7 204 85 15·64 14·22 1·529 0·869 81·93
8 262 85 15·55 13·98 1·562 0·841 76·86
9 320 85 17·61 15·82 1·597 0·855 74·66
10 400 85 17·34 15·89 1·148 0·879 77·88
SEM 0·173 0·155 0·0502 0·0095 1·456
Model comparison: The significance of coefficients in models with high and low lipid concentrations
P X 2 × Lipid – – 0·002 – –

X×Lipid 0·061 0·001 0·020 – –

Intercept 0·268 0·021 0·023 – –

Regressions
Low dietary lipid R2 0·83 0·72 0·44 0·34 0·25

P <0·0001 <0·0001 0·007 <0·001 0·005
Coefficients X 2

– – −6·60 × 10−6 −1·59 × 10−6 −2·80 × 10−4

X 0·0097 0·0061 4·61 × 10−3 1·06 × 10−3 0·142
Intercept 13·247 12·672 0·7963 0·6981 60·86

High dietary lipid R2
– 0·82 0·77 – –

P – <0·0001 <0·0001 – –

Coefficients X 2
– – −3·80 × 10−5 – –

X – 0·0121 0·0202 – –

Intercept – 11·454 −1·013 – –

AME, apparent metabolisable energy on DM basis; AMEn, N-corrected AME; AME intake, daily AME intake from 7 to 28 d post-hatch; AME:GE, ratio between AME and gross
energy in the diets.

* Linear regression between protein concentrations and AME in all dietary treatment is shown because there were no significant differences between linear regressions in diets
containing 40 and 75g/kg lipid.

† Linear regression between protein concentrations and AME was only significant when all dietary treatments were considered.

Table 4. Effects of dietary treatments on apparent digestibility coefficients of protein (N), starch and lipid in the distal jejunum and distal ileum in broiler
chickens at 28 d post-hatch

Protein (N) Starch* Lipid*

Diets Protein (g/kg) Lipid (g/kg) Jejunum Ileum Jejunum Ileum Jejunum Ileum

1 154 46 0·734 0·842 0·839 0·992 0·632 0·832
2 204 46 0·761 0·863 0·813 0·989 0·783 0·852
3 262 46 0·790 0·886 0·845 0·99 0·836 0·912
4 320 46 0·819 0·893 0·910 0·993 0·893 0·921
5 400 46 0·807 0·909 0·853 0·99 0·868 0·905
6 154 85 0·760 0·834 0·813 0·973 0·684 0·873
7 204 85 0·779 0·862 0·897 0·987 0·814 0·944
8 262 85 0·715 0·858 0·781 0·961 0·923 0·955
9 320 85 0·824 0·897 0·889 0·979 0·888 0·949
10 400 85 0·873 0·923 0·956 0·991 0·915 0·925
SEM 0·0171 0·0092 – – – –

Interactions between covariate and lipid concentration
P X 2 × Lipid – – – – – –

X×Lipid 0·265 0·544 – – – –

Intercept 0·358 0·823 – – – –

Regressions
All treatments R2 0·34 0·67 – – – –

P <0·0001 <0·0001 – – – –

Coefficients X 2
– – – – – –

X 3·51 × 10−4 2·98 ×10−4 – – – –

Intercept 0·6909 0·7965 – – – –

* Because of insufficient quantity, digesta samples from all cages within the same dietary treatment were pooled to determine apparent digestibility coefficients of lipid and starch.
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containing low lipid concentrations (r 0·980, P< 0·0001),
whereas there was a quadratic relationship between protein
disappearance rates and dietary protein in high-lipid diets. The
predicted maximum protein disappearance rate was 23·2 g/bird
per d when dietary protein equalled 367 g/kg. Similarly, ileal
protein disappearance rates increased with dietary protein
content in low-lipid diets (r 0·984, P< 0·0001) and the predicted
maximum protein disappearance rate in high-lipid diets was
25·3 g/bird per d when dietary protein equalled 334 g/kg.
The influence of dietary treatments on carcass weight and

carcass composition in 28-d-old broiler chickens is shown in
Table 6. Protein content in the carcass increased with dietary
protein content in diets containing high lipid concentrations
(r 0·933, P< 0·0001), whereas there was a quadratic relationship
between protein content in the carcass and dietary protein in diets
with low lipid concentrations (R2=0·93, P<0·0001). The pre-
dicted maximum carcass protein content in high- and low-protein
diets was 71·0% with 433g/kg dietary protein. There were no
differences (P>0·10) between linear relationships of carcass lipid,
carcass gross energy and dietary protein concentrations. Across all
dietary treatments, carcass lipid decreased with dietary protein
(r 0·849, P< 0·0001) and carcass gross energy also decreased with
increasing dietary protein (r 0·849, P<0·0001). Carcass DM was
only related to dietary protein in diets with low lipid concentra-
tions (R2=0·84, P<0·0001) and the predicted minimum DM was
37·0% with 422g/kg dietary protein.
There are quadratic relationships between protein concentra-

tions and total and eviscerated carcass weight in broiler chickens

and the quadratic regressions in diets with different lipid content
were significantly different (P≤0·001). The predicted maximum
total carcass weight was 1844g/bird when dietary protein equalled
342g/kg in diets with low lipid concentrations, whereas the
predicted maximum total carcass weight was 1784g/bird when
dietary protein equalled 288 g/kg in diets with high lipid con-
centrations. Similarly, the predicted maximum eviscerated carcass
weight was 1658g/bird when dietary protein equalled 341g/kg in
diets with low lipid concentrations, whereas the predicted
maximum total carcass weight was 1602 g/bird when dietary
protein equalled 288 g/kg in diets with high lipid concentrations.
The quadratic relations between carcass yield and protein
concentrations in diets containing different lipid concentrations
were statistically similar (P>0·10); therefore, the quadratic
relationship with all the treatments is shown in Table 6. The
predicted maximum carcass yield was 90·5% when dietary protein
equalled 331g/kg.

Discussion

Protein and lipid interaction

The potent impact of dietary protein on performance was modi-
fied by the dietary lipid level as there were interactions (P< 0·001)
between dietary protein and lipid concentrations for growth per-
formance and nutrient utilisation. The predicted optimal protein
concentrations for maximum weight gain was 17·5% lower in
broiler chickens offered diets with a higher lipid concentration.

Table 5. Effects of dietary treatments on apparent disappearance rates (g/bird per d) of protein, starch and lipid in the distal jejunum and distal ileum in
broiler chickens at 28 d post-hatch

Protein (N) Starch* Lipid*

Diets Protein (g/kg) Lipid (g/kg) Jejunum Ileum Jejunum Ileum Jejunum Ileum

1 154 46 10·8 12·5 54·9 65·0 2·7 3·6
2 204 46 16·9 19·1 45·8 55·7 3·4 3·6
3 262 46 20·6 23·2 41·1 48·1 4·0 4·3
4 320 46 24·9 27·2 46·2 50·4 4·0 4·1
5 400 46 30·8 34·7 32·9 38·2 3·4 3·5
6 154 85 8·6 9·4 36·2 43·3 3·8 4·9
7 204 85 14·6 16·1 44·8 49·4 6·5 7·5
8 262 85 18·3 22·0 34·7 42·7 8·7 9·0
9 320 85 24·1 26·2 34·5 38·0 7·6 8·1
10 400 85 22·5 23·8 26·8 27·8 5·0 5·1
SEM 0·72 0·69 – – – –

Interactions between covariate and lipid concentration
P X 2 × Lipid – – – – – –

X×Lipid – – – – – –

Intercept – – – – – –

Regressions
Low dietary lipid R2 0·96 0·97 – – – –

P <0·0001 <0·0001 – – – –

Coefficients X 2
– – – – – –

X 0·0771 0·085 – – – –

Intercept −0·591 −0·2693 – – – –

High dietary lipid R2 0·91 0·94 – – – –

P <0·0001 <0·0001 – – – –

Coefficients X 2 −2·93× 10−4 −4·43 × 10−4 – – – –

X 0·2150 0·2958 – – – –

Intercept −16·21 −24·04 – – – –

* Because of insufficient quantity, digesta samples from all cages within the same dietary treatment were pooled to determine apparent digestibility coefficients of lipid and starch.
Average feed intake was used for calculation of starch and lipid disappearance rates.
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Broiler chickens were offered isoenergetic diets in the present
study; therefore, protein and essential amino acids were more
limiting in diets with high lipid concentrations. This is evident in
Table 1, which shows that the calculated digestible amino acid and
analysed protein concentrations in high-lipid diets were lower
than those in their corresponding diets with low lipid concentra-
tions. Thus, the differences in weight gain in broiler chickens
offered high-lipid diets with different protein concentrations were
more pronounced than in those offered low-lipid diets.
The predicted maximum weight gain of birds offered low-lipid

diets equalled 342 g/kg dietary protein, whereas, the predicted
maximum weight gain in birds offered high-lipid diets equalled
281 g/kg dietary protein. Both dietary protein contents exceed the
practical range of dietary formulations generated using least-cost
computer programs. However, the purpose of this experiment
was to investigate the dose–response of protein and protein to
energy ratios on performance and carcass traits; therefore, a broad
range of dietary protein concentrations was examined. The
genetic potential of modern broiler chickens was declared in
high-protein diets as broiler chickens offered 400g/kg protein
diets exhibited an average FCR of 1·139g/g, which represents a
23% improvement v. 2014 Ross 308 Performance Objectives (FCR
of 1·479g/g from 7 to 28d post-hatch). Moreover, the quadratic
weight gain response to dietary protein concentrations may
indicate a transition from protein-dependent to energy-dependent
phases of growth performance. Consequently, the broad range of
dietary protein concentrations examined in the present study still
holds relevance for practical chicken-meat production.

N retention responded differently to protein concentrations in
diets containing low and high lipid concentrations. There was
a quadratic response to N retention in low-lipid diets and no
significant correlations between N retention and dietary protein in
high-lipid diets (Table 3). In pairwise comparison, broiler
chickens offered diet 1 had higher N retention than did birds
offered diet 6 (78·85 v. 70·15%, P< 0·05). By definition, both diets
were protein deficient but the high-lipid diet 6 contained even
lower protein and essential amino acid concentrations. In
contrast, the reverse pattern was also observed. Broiler chickens
offered diet 5 showed greater N retention than those offered diet
10 (70·03 v. 77·88%, P< 0·05). Broiler chickens offered diet 10
had 27·1% lower feed intakes than birds offered diet 5 (1391 v.
1909 g/bird). Increasing feed intakes may depress N retention, as
we have previously found a negative relationship (r 0·375;
P< 0·005) between these two parameters in a 7 to 28d post-hatch
broiler-feeding study (unpublished results). The average protein
concentration in diets 5 and 10 was 338 or 18·9g/kg digestible
lysine. The cost associated with deamination of excess protein
combined with the high energy in diet 10 may have depressed
feed intake and reduced weight gain. The significantly
higher feed intake in diet 5 suggests that starch may be a more
compatible energy source than lipid in high-protein diets.

Although dietary protein or amino acid concentrations
increased with decreasing lipid concentration, dietary lipid
concentration did not influence apparent digestibility coefficients
of protein (N) in the distal jejunum (0·782 v. 0·790, P=0·465)
and ileum (0·879 v. 0·875, P= 0·529). Martinez et al.(11)

Table 6. Effects of dietary treatments on carcass weight and carcass composition in broiler chickens at 28 d post-hatch

Carcass composition Carcass weight

Diets
Protein
(g/kg) Lipid (g/kg) Protein (%)* Lipid (%)*

Gross energy
(MJ/kg) DM (%) Total (g/bird)

Eviscerated
(g/bird) Yield (%)†

1 154 46 49·5 40·4 28·5 43·2 1063 927 88·1
2 204 46 54·6 33·4 27·9 40·7 1600 1431 89·4
3 262 46 63·7 26·2 25·9 39·2 1694 1525 90·0
4 320 46 67·0 21·8 25·4 38·1 1790 1609 89·9
5 400 46 70·8 19·6 24·1 36·9 1726 1551 89·9
6 154 85 51·5 35·4 27·8 43·3 668 571 85·4
7 204 85 54·8 36·6 27·4 41·8 1369 1217 88·9
8 262 85 63·0 27·2 25·8 38·5 1771 1594 90·0
9 320 85 66·3 23·5 24·8 38·4 1609 1448 89·9
10 400 85 75·7 14·0 23·5 35·4 1463 1320 90·2
SEM 1·35 2·03 0·44 0·56 50·0 45·7 0·56
Interactions between covariate and lipid concentration

P X 2 × Lipid – – – – <0·001 <0·001 0·159
X×Lipid – 0·128 0·976 – <0·001 <0·001 0·984
Intercept – 0·136 0·375 – 0·001 0·001 0·703

Regressions
Low dietary lipid R2 0·93 0·72 0·72 0·84 0·88 0·88 0·65

P <0·0001 <0·0001 <0·0001 <0·0001 <0·0001 <0·0001 <0·0001
Coefficients X 2 −3·11 × 10−4 – – 9·27 × 10−5 −2·28× 10−2 −2·15× 10−2 −1·24 × 10−4

X 0·2692 −0·0826 −0·0173 −0·0783 15·58 14·67 8·20 × 10−2

Intercept 12·76 50·18 30·79 53·52 −817·5 −844·2 76·97
High dietary lipid R2 0·87 – – – 0·91 0·91 –

P <0·0001 – – – <0·0001 <0·0001 –

Coefficients X 2
– – – – −5·10× 10−2 −4·69× 10−2 –

X 0·096 – – – 29·37 27·05 –

Intercept 37·35 – – – −2444 −2298 –

* Protein=N×6·25, DM basis.
† Yield= carcass without organs/whole carcass weight × 100%.
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reported that intraluminal infusion of lipids in poultry modulates
gastrointestinal motility, delayed gastric emptying and increased
transit time. Therefore, in the present study, it was expected that
diets with a higher lipid concentration would generate higher
protein digestibility but this was in contrast to observations from
the present study. It is possible that dietary lipid levels of 46 or
85 g/kg were not sufficiently different in generating changes in the
digestibility of protein (N). Further, the effect of lipids on protein
(N) and amino acids may not be similar. For instance, Cowieson
et al.(12) reported that reducing dietary lipid concentration by
20g/kg significantly reduced apparent digestibility coefficients of
thirteen amino acids in 21-d-old broiler chickens, exceptions
being methionine, tyrosine, phenylalanine and histidine. It is
likely that different amino acids are limiting in diets with
different crude protein concentrations and the overlay of the
effect of lipid concentrations on amino acid digestion may have
diminished the impact of lipid concentration on digestibilities
of protein (N).

Protein v. non-protein

The influence of ileal digestible protein (N) and starch intakes
and dietary lipid on weight gain is shown in Fig. 2. The contours
are almost parallel to the y-axis, which suggests that protein
intake more strongly influences weight gain than ‘non-protein’
intakes (starch and lipid), with weight gain increasing intake of
digestible protein. Similar outcomes were observed in our
previous study(2), which showed that elevating protein intakes
increased weight gain in broiler chickens from 10 to 23 d
post-hatch and that starch and lipid intakes had little impact on
weight gain. Accordingly, Berhe & Gous(13) reported that
increased dietary protein concentrations (from 124 to 268 g/kg)
significantly increased weight gain by 63% and improved FCR
by about 33% in both male and female Ross broiler chickens
from 0 to 21 d post-hatch. In the present study, feed intake was
quadratically correlated to dietary protein concentrations
(r2 0·32, P= 0·002), with diets containing extreme concentrations
depressing feed intakes. Clark et al.(14) offered broiler chickens
diets with protein concentrations ranging from 125 to 300 g/kg
and also found a significant quadratic relationship between

feed intake and protein concentrations (r2= 0·84, P= 0·01),
with diminishing responses to protein with increasing
dietary protein levels. Liu et al.(2) suggested that current
least-cost feed formulations are essentially designed to meet the
amino acid composition of muscle, which partially overlooks
the functionality of essential and non-essential amino acids.
The ‘extra’ provision of certain functional amino acids with
increased dietary protein levels may explain the performance
responses observed to ostensibly excessive dietary protein
levels.

The influence of digestible protein (N), starch and lipid on
carcass protein and lipid content at 28 d post-hatch is shown in
Fig. 3. Carcass protein was increased, and carcass lipid
decreased, by escalating digestible protein intakes. Jackson
et al.(15) reported that higher dietary protein levels increased
carcass protein concentrations from 40·7 to 50·7% and
decreased carcass lipid concentrations from 50·0 to 38·3%. As
considered by Swennen et al.(16), acute changes in dietary
protein may cause rapid changes in de novo lipogenesis, and
protein intake per se is an important regulator of de novo lipid
metabolism in chickens. Indeed, Gous et al.(17) offered broiler
chickens the choice of selecting two diets with different protein
concentrations and a protein balancer. Broiler chickens offered
diets with high protein concentrations had lower abdominal fat
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content (17·8 v. 19·5 g/kg), and abdominal fat was increased by
reducing dietary protein content or by diluting the diet with oil
or starch.

Protein and metabolisable energy

Protein and energy are considered in tandem in the formulation of
practical diets for monogastric animals(18); therefore, the influence
of protein to energy ratios on performance is relevant and either
protein or non-protein energy could be limiting in diets. For
example, Gous et al.(5) offered broiler breeder pullets diets with
two levels of energy (9·46 and 12·47MJ/kg) and three levels of
protein (118, 140 and 161g/kg); energy consumption in pullets
offered low-protein diets were higher than those in birds offered
high-protein diets (72·0 v. 60·0 J×10−6) and the major reason for
the increased energy intake was the ‘overconsumption’ of lipids
and starch by birds in order to reach their targeted protein intake.
The quadratic relationships (P< 0·0001) between dietary protein
to AME ratios on carcass composition and weights in all ten dietary
treatments are shown in Fig. 4. The maximum carcass protein
concentration (75·3%) and the minimum carcass lipid concentra-
tion (14·8%) correspond to a protein:AME ratio ranging from 30·67
to 30·71g/MJ as shown in Fig. 4(a) and (b). However, this
prediction exceeded the highest protein:AME ratio tested in the
present study (approximately 25g/MJ) and high-protein diets
generated higher mortality rates in chickens.
There was a quadratic relationship (r2 0·786, P<0·0001)

between protein:AME ratios and carcass yield as shown in Fig. 4(c).
The maximum carcass yield of 1623g/bird corresponded to a
protein:AME ratio of 19·61g/MJ, which is higher than the recom-
mended ratio of 16·58g/MJ (215g/kg protein and 12·97MJ/kg) for
grower diets. The sensitivity of growth performance responses to
protein is also dependent on the non-protein components in
the diet. In comparison with starch and lipids, protein is a more
multi-functional macronutrient in animals. Liu & Selle(19) compared
the digestive dynamics of starch and protein and concluded that
protein digestion and utilisation are more important to feed
conversion efficiency than starch or energy in broiler chickens.
Diets were isoenergetic in the present study and protein content in
diets containing the higher lipid level were lower than those in the
corresponding low-lipid diet. Therefore, it follows that birds
responded robustly to protein when it is more limiting.
The ‘ideal’ or optimum ratio of protein:energy ranged from

19·61 to 30·71 as illustrated in Fig. 4. Both protein and energy
should be considered in tandem but the ratio of protein:AME
needs to be considered with caution because it depends on
several factors including the absolute level of dietary nutrients,
the age of the bird and its environment. Nevertheless, the
selection of ‘ideal’ protein concentrations and energy densities,
and their ratios, should not ignore the economical impacts of
feed ingredient costs.

The impact of lipids

Diets containing the higher lipid concentration generated an
8·8% reduction in feed intake (1823 v. 1999 g/bird; P< 0·0001)
in the present study, which is consistent with findings from the
study by Liu et al.(2), in which lipids had a greater impact on

feed intake than did starch and protein. Protein concentrations
were diluted by the inclusion of additional lipids in the EE
isoenergetic diets, and the protein:energy ratios reduced even
further in protein-deficient diets. Therefore, it was not surprising
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that growth performance was depressed by the inclusion of
additional lipids in the diet. Moreover, high-lipid diets also
contained higher fibre concentrations as shown in Table 1.
Therefore, it is possible that higher fibre concentrations in high-
lipid diets also depressed feed intake in broiler chickens.
Another possible explanation for the reduction of feed intake

is the lipid-induced triggering of the ‘ileal brake’. Martinez
et al.(11) reported that intraluminal infusion of lipids in poultry
modulates gastrointestinal motility including an increase in
duodenogastric refluxes or episodes of reverse peristalsis.
These actions could delay gastric emptying and increase transit
time, which is consistent with the ‘ileal brake’ mechanism
similar to that described in mammals.

Digestive dynamics of protein and starch

Liu & Selle(19) suggested that glucose and amino acids should be
made available in appropriately balanced quantities at the sites of
protein synthesis for efficient protein deposition and growth per-
formance, and that protein digestive dynamics are more important
to feed conversion efficiency and nutrient utilisation than those of
starch. Fig. 5 shows the influence of the ratio of protein and starch

disappearance rates in the distal ileum on growth
performance, AME and carcass composition. The maximumweight
gain of 1731g/bird corresponded to a protein:starch disappearance
rate ratio of 0·637g/g (r2 0·714, P<0·03). This is consistent with the
findings from a study by Truong et al.(20), in which there was a
significant linear regression between weight gain and protein:starch
disappearance rate ratios in the proximal ileum. This suggested that
increases in protein disappearance rates are advantageous to
weight gain, whereas increases in starch disappearance rates are
disadvantageous. Also, Liu & Selle(19) suggested that protein is a
more important determinant of growth performance and nutrient
utilisation than starch. Further, AME (r2 0·806, P<0·001) and car-
cass protein concentrations (r2 0·912, P<0·0001) linearly increased
with increasing protein:starch disappearance rate ratios. Alter-
natively, carcass lipid linearly decreased with increasing protein:
starch disappearance rate ratios in the distal ileum (r2 0·877,
P<0·0001).

Nutritional geometry and rules of compromise

A nutritional geometry approach called the right-angled mixture
triangle design (RMT) provides a novel means to relate feeding
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behaviour to responses in growth and nutrient utilisation in
animal nutrition(2,21). As illustrated in Fig. 6, the ten dietary
treatments are mapped in an RMT with five nutritional rails(22). In
nutritional geometry, the rules of compromise are defined
as an animal’s response to non-complementary, nutritionally
imbalanced food(23). In the present study, diets with different
starch:protein ratios were used to investigate the rule of
compromise as it applies to broiler chickens offered diets
with unbalanced levels of starch (322–565g/kg) and protein
(115–325g/kg). The intake array of treatment means is shown in
Fig. 7. In low-lipid diets, the shape of the intake array is close to a
straight line with a slope of 0·73 (y=− 0·73x+1250). This is
known as the ‘fixed proportion rule’(22), which means that
the animal consumes feed up to the point on its respective
nutritional rails where the shortage of starch is a fixed proportion
of surplus consumed protein, in this case 0·73. In contrast, in
high-lipid diets (Fig. 2(b)), the ‘closest distance’ rule of com-
promise was observed, in which an animal eats an amount that
minimises the ‘as-the-crow-flies’ distance between the actual
intake and target intake(24). The ‘closest distance’ rule of com-
promise in diets with a high lipid content was not observed
previously by Liu et al.(2); this could be due to sub-standard feed
intake and growth in broiler chickens offered fine, powdery,
mash diets. In the present study, pelleted diets’ enhanced feed
intake and growth performance was comparable with the 2014
Ross 308 performance objectives. Adequate feed intake allowed
animals to express their natural behaviour and rules of com-
promise when nutritionally imbalanced food is provided.

Implications and conclusions

The outcomes of the present study are consistent with the
previous findings reported by Liu et al.(2). The relative impor-
tance of macronutrients on performance was compared and it
was found that protein had more pronounced impacts on
growth performance and energy utilisation in broiler chickens

offered high-lipid diets. This illustrates the need to consider
both protein and energy, as well as their interaction, in the
formulation of diets for broiler chickens. The balance of protein
and energy was quadratically correlated with growth perfor-
mance, carcass yield and compositions. The optimal ratio of
protein to AME should be selected with caution given the
additional feed ingredient costs of diets with high nutrient
densities. In typical broiler diets, starch is the primary source of
energy and the balance between protein and starch digestive
dynamics is important for growth performance and nutrient
utilisation.
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