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ABSTRACT The current study was conducted to
investigate the influence of broiler age on the AME and
AMEn of 4 common cereal grains (wheat, sorghum, bar-
ley, and corn). Four experimental diets with the same
inclusion (962 g/kg) of each grain were developed and
fed to groups of broiler chickens aged 1 to 7, 8 to 14, 15
to 21, 22 to 28, 29 to 35, or 36 to 42 d post-hatch. Each
diet, in pellet form, was randomly allocated to 6 repli-
cate cages in each age group. Except for the 0 to 7 d age
group, the birds were fed a starter (d 0−21) and/or a fin-
isher (d 21−35) diet before the introduction of experi-
mental diets. The number of birds per cage were 10 (d 1
−7) and 8 (d 8−42). Excreta were collected over the last
4 d of each age period. The AME and AMEn of the
grains were determined by the total excreta collection.
Bird age influenced (P < 0.001) the AME and AMEn of
all cereal grains. The AMEn of wheat declined quadrati-
cally (P < 0.01) with advancing age, from 3,461 kcal/kg
in wk 1 to 3,219 kcal/kg in wk 2 and then plateaued.
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The AMEn of sorghum grain declined linearly (P <
0.001) with advancing age, from 3,762 kcal/kg in wk 1
to 3,614 kcal/kg in wk 2, plateaued to wk 5 and then
declined to 3,556 kcal/kg in wk 6. A quadratic (P <
0.001) reduction in the AMEn of barley was observed as
birds grew older, with the AMEn decreasing between wk
1 (3,286 kcal/kg) and wk 2 (2,988 kcal/kg), increasing in
wk 3 (3,117 kcal/kg) and then plateauing. The AMEn of
corn declined quadratically (P < 0.05) with advancing
broiler age; the highest AMEn was observed in wk 1 and
5, the lowest AMEn in wk 2, with the other weeks being
intermediate. In conclusion, the present results showed
that broiler age has a substantial impact on the AME
and AMEn of cereal grains and the effect varied depend-
ing on the cereal grain. These data suggest that age
dependent AME and AMEn values may need to be con-
sidered when formulating broiler diets to improve the
precision of feed formulation and production efficiency.
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INTRODUCTION

Cereal grains such as wheat, sorghum, barley, and
corn are commonly used in poultry diets as major
sources of energy. Knowledge of the ME content of
cereal grains is critical for their efficient and sustain-
able use and precise poultry feed formulation. Despite
several limitations (Mateos et al., 2019; Wu et al.,
2020), the AME is the globally accepted system for
describing the available energy for poultry (Hill and
Anderson, 1958; Sibbald, 1982). The simplicity, rela-
tively easy measurements, and the fact that it
accounts for most of the energy losses after digestion
and metabolism are the major reasons for its world-
wide acceptance.
When formulating commercial poultry diets, the cur-

rent practice in the feed industry is to use the AME or
AMEn values of ingredients from equations or reference
tables which have been determined using older birds
(NRC, 1994; Rostagno et al., 2005). Most published
data on the AMEn in feed ingredients have been gener-
ated with older broilers (typically 5-wk-old) and used in
feed formulations for all the phases of broiler growth.
However, this practice overlooks the potential effect of
bird age on the AMEn content of feed ingredients. Bird
age has been shown to influence the digestion and
absorption of energy-yielding nutrients (Batal and Par-
sons, 2002; Tancharoenrat et al., 2013). Birds of differ-
ent ages show variable capacity to digest and metabolize
nutrients especially in feed ingredients containing anti-
nutritive substances such as soluble non-starch polysac-
charides, tannins, and phytic acid (del Alamo et al.,
2008; Kiarie et al., 2014). Moreover, the capacity of
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Table 1. Proximate, carbohydrate and mineral composition of
the tested ingredients (g/kg; as received basis)a.

Item Wheat Sorghum Barley Corn

Dry matter 899 909 925 909
Ash 18.4 15.5 16.1 20.5
Crude protein (N x 6.25) 123.1 106.3 125.0 80.6
Crude fat 18.5 32.6 22.0 32.4
Starch 532 606 499 590
Neutral detergent fiber 103 62.2 90.1 83.1
Calcium 0.21 0.10 0.19 0.17
Phosphorus 3.51 2.89 2.65 2.47
Gross energy (kcal/kg) 3,867 3,987 3,989 3,884

aAnalyzed values.
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digestive tract to digest and absorb nutrients is limited
during the early life of broilers and there is consensus
that the nutrient digestibility generally increases with
advancing age (Brumano et al., 2006; Olukosi et al.,
2007). Several studies have reported higher dietary
AME values in older broilers than in younger birds
(Zelenka, 1968; Scott et al., 1998; Batal and Par-
sons, 2002). A positive linear correlation between age
and AME of a wheat-based diet has also been reported
in broilers from 8 to 16 d (Scott et al., 1998). In contrast,
some studies have shown a negative or no age effect on
the AME. Fonolla et al. (1981) revealed that the AME
value of a corn-based diet did not differ between 21 and
52 d of age. Bartov (1995) showed that the AMEn of
corn- and sorghum-based diets reduced with advancing
age from 11 to 22 d of age. Despite the importance of age
effect, a scan of the literature reveals that there is a
dearth of published data on age-related values for the
AMEn of common cereal grains over the growth cycle of
broilers. The relevance of using a single value of AMEn
obtained with older birds to all growth phases, especially
the early life, of broilers is questionable and highlights
the need for age-dependent estimates for use in feed for-
mulations.

All previous studies on age-related responses have
been conducted with grain-based complete diets
(Olukosi and Bedford, 2019; Yang et al., 2020). To our
knowledge, no published data are available on age effects
for the AMEn of individual cereal grains. Therefore, the
aim of the present study was to investigate whether the
age of broiler chickens has any effect on the AMEn of
commonly used cereal grains (wheat, sorghum, barley,
and corn).
MATERIALS AND METHODS

The experiment was conducted according to the New
Zealand Revised Code of Ethical Conduct for the use of
live animals for research, testing and teaching and
approved by the Massey University Animal Ethics Com-
mittee.
Ingredients

Four cereal grains (wheat, sorghum, barley, and
corn) were obtained from a local commercial supplier.
The proximate and nutrient composition of the cereal
grains are presented in Table 1. The wheat and sor-
ghum samples were sourced from Australia, and corn
and barley were of New Zealand origin. All grains
were ground in a hammer mill to pass through a
screen size of 3.0 mm.
Diets, Birds, and Housing

The AME was determined using the direct method. In
this method, four experimental diets were formulated to
contain the same inclusion level (962 g/kg) of each grain,
and fortified with macro minerals and, vitamin and trace
mineral premixes. Diets were mixed in a single-screw
paddle mixer (Bonser Engineering Co. Pty. Ltd., Merry-
lands, Australia), then pelleted using a pellet mill
(Model Orbit 15; Richard Sizer, Kingston-upon-Hull,
UK) capable of manufacturing 180 kg of feed/h and
equipped with a die ring with 3-mm holes and 35 mm
thickness.
Day-old male broilers (Ross 308) were obtained from a

local hatchery and raised on floor pens in an environ-
mentally controlled room until assigned weekly to the
experimental treatments. Except for the 1 to 7 d age
group, birds were fed broiler starter mini pellets
(230 g/kg crude protein and 3,010 kcal/kg AMEn) until
d 21 and finisher pellets (207 g/kg crude protein and
3,100 kcal/kg AMEn) from d 21 to 35 (Table 2). At the
beginning of each week (d 1, 8, 15, 22, 29, and 36), new
batch of birds were selected randomly from the floor
pens, weighed individually and allocated to cages so
that the average bird weight per cage was similar. For
each cereal grain, the assay diet was fed to 6 replicate
cages of broilers during 6 periods, namely wk 1 (d 1−7),
wk 2 (d 8−14), wk 3 (d 15−21), wk 4 (d 22−28), week 5
(d 29-35), or wk 6 (d 36−42). Each replicate cage housed
10 birds during wk 1, and 8 birds during wk 2 to 6 post-
hatch.
Determination of Metabolizable Energy

The AME was determined using the total excreta
collection procedure (Hill and Anderson, 1958). Dur-
ing each week, diets were fed for 7 d, with the first 3
d serving as an adaptation period. The feed intake
(FI) and total excreta output for each replicate cage
were recorded over the last 4 consecutive d of assay.
Daily excreta collections were pooled within a repli-
cate cage mixed in a blender and subsampled. Sub-
samples were lyophilized (Model 0610, Cuddon
Engineering, Blenheim, New Zealand), and dried
excreta samples were ground to pass through a 0.5-
mm sieve and stored in airtight plastic containers at
4°C pending analysis. The diet and excreta samples
were analyzed for DM, gross energy (GE), and
nitrogen (N).



Table 2. Composition (g/kg, as fed basis) of the cereal-based test diets, and the broiler starter (d 0 to 21) and finisher (d 22 to 35) diets.

Ingredient Wheat Sorghum Barley Corn Starter diet Finisher diet

Test ingredient 962 962 962 962 -
Corn - - - - 574.2 660.0
Soybean meal, 460 g/kg - - - - 381.4 295.6
Soybean oil - - - - 8.8 13.6
Dicalcium phosphate 19.0 19.0 19.0 19.0 10.7 8.2
Limestone 13.0 13.0 13.0 13.0 11.3 9.9
L Lysine HCl - - - - 2.0 1.9
DL Methionine - - - - 3.3 3.0
L Threonine - - - - 1.0 0.7
Sodium chloride 2.0 2.0 2.0 2.0 2.5 2.5
Sodium bicarbonate 2.0 2.0 2.0 2.0 2.7 2.5
Trace mineral premix1 1.0 1.0 1.0 1.0 1.0 1.0
Vitamin premix1 1.0 1.0 1.0 1.0 1.0 1.0
Ronozyme HiPhos (Phytase) - - - - 0.1 0.1

1Vitamin and trace mineral premix supplied the following per kilogram of diet: antioxidant, 100 mg; biotin, 0.2 mg; calcium pantothenate, 12.8 mg;
vitamin D3 (cholecalciferol), 2400 IU; cyanocobalamin, 0.017 mg; folic acid, 5.2 mg; menadione, 4 mg; niacin, 35 mg; pyridoxine, 10 mg; vitamin A (trans-
retinol), 11100 IU; riboflavin, 12 mg; thiamine, 3.0 mg; vitamin E (dl-a-tocopheryl acetate), 60 IU; choline chloride, 638 mg; Co, 0.3 mg; Cu, 3.0 mg; Fe,
25 mg; I, 1 mg; Mn, 125 mg; Mo, 0.5 mg; Se, 200 mg; Zn, 60 mg.
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Chemical Analysis

Dry matter was determined using standard proce-
dures (Methods 930.15; AOAC, 2016). Ash was deter-
mined by a standard procedure (Method 942.05;
AOAC, 2016) using a muffle furnace at 550°C for 16 h.
Nitrogen was determined by combustion (Method
968.06; AOAC, 2016) using a carbon nanosphere-200
carbon, N and sulfur auto analyzer (rapid MAX N
exceed, Elementar, Donaustraze, Hanau, Germany).
The crude protein content was calculated as N £ 6.25.
The crude fat was determined by Soxtec extraction pro-
cedure (Method 2003.06;AOAC, 2016) using (Soxtec
System HT 1043 Extraction Unit, H€ogan€as, Sweden).
Starch was measured using a Megazyme kit (Method
996.11; AOAC, 2016) based on thermostable a-amylase
and amyloglucosidase (McCleary et al., 1997). The neu-
tral detergent fiber (Method 2002.04; AOAC, 2016) was
determined using Tecator Fibertec (FOSS Analytical
AB, H€ogan€as, Sweden). For minerals, samples were
ashed and then calcium and phosphorus were deter-
mined colorimetrically following digestion with HCl
(Method 968.08D; AOAC, 2005). Gross energy was
determined by adiabatic bomb calorimeter (Gallenkamp
Autobomb, London, UK) standardized with benzoic
acid.
Calculations

All data were expressed on a DM basis. The AME of
experimental diets was determined using the following
formula:

AMEDiet kcal=kgð Þ

¼ FI�GEDietð Þ � � Excretaoutput�GEExcretað Þ½ �=FI

The AME of cereal grains was then calculated using
the following formula:
AMEGrain kcal=kgð Þ

¼ AME of test grain diet� 100=96:2ð Þ

Nitrogen retention, as a percentage of intake, was
determined as follows:

N retention %ð Þ

¼ 100� ½ððFI�NDietÞ � ðExcreta output

� NExcretaÞÞ=ðFI�NDietÞ�

The AMEn was then calculated by correction for zero
N retention by assuming 8.73 kcal per g N retained in
the body as described by Titus et al. (1959).
Statistical Analysis

The data for each grain were analyzed by one-way
ANOVA using the General Linear Models procedure of
the SAS (version 9.4; 2015. SAS Institute Inc., Cary,
NC). Cages served as the experimental unit. Significant
differences between means were separated by Least Sig-
nificant Difference test. In addition, the data were sub-
jected to orthogonal polynomial contrasts using the
General Linear Models procedure of SAS (2015) to study
whether responses to increasing bird age were of linear or
quadratic nature. Significance of effects was declared at
P < 0.05.
RESULTS

The influence of broiler age on the retention of DM
and N, AME and AMEn of wheat is summarized in
Table 3. The retention of both DM and N declined
quadratically (P < 0.001) with advancing age. The



Table 3. Influence of broiler age on the retention (% of intake) of
dry matter (DM) and nitrogen (N), apparent metabolizable
energy (AME; kcal/kg DM basis) and nitrogen-corrected AME
(AMEn; kcal/kg DM basis) of wheat grain1.

Age (wk) DM retention N retention AME AMEn

1 82.1 57.7 3,566 3,461
2 74.2 28.9 3,272 3,219
3 73.9 41.4 3,255 3,181
4 73.9 37.5 3,265 3,195
5 75.2 39.0 3,301 3,229
6 74.1 32.2 3,272 3,212

SEM2 1.08 1.61 46 45
Orthogonal polynomial
contrast, P ≤

Linear 0.001 0.001 0.001 0.004
Quadratic 0.001 0.001 0.001 0.002

1Each value represents the mean of six replicates. The number of birds
per replicate cage were 10 (wk 1) and 8 (wk 2−6).

2Pooled standard error of mean.

Table 4. Influence of broiler age on the retention (% of intake) of
dry matter (DM) and nitrogen (N), apparent metabolizable
energy (AME; kcal/kg DM basis) and nitrogen-corrected AME
(AMEn; kcal/kg DM basis) of sorghum grain1.

Age (wk) DM retention N retention AME AMEn

1 86.5 56.6 3,862 3,762
2 80.9 32.8 3,671 3,614
3 80.8 34.4 3,681 3,621
4 80.7 35.1 3,695 3,633
5 79.3 36.5 3,628 3,566
6 79.1 33.8 3,616 3,556

SEM2 0.66 1.80 26 24
Orthogonal polynomial
contrast, P ≤

Linear 0.001 0.001 0.001 0.001
Quadratic 0.002 0.001 0.019 0.072

1Each value represents the mean of six replicates. The number of birds
per replicate cage were 10 (wk 1) and 8 (wk 2−6).

2Pooled standard error of mean.
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highest DM and N retentions were recorded in wk 1.
Bird age had a significant (P < 0.001) effect on the AME
and AMEn of wheat. The AMEn of wheat declined
quadratically (P < 0.01) with advancing age, from
3,461 kcal/kg in wk 1 to 3,219 kcal/kg in wk 2 and then
plateauing to wk 6 (Figure 1A).

In birds fed sorghum-based diets, DM (P < 0.01) and
N (P < 0.001) retentions decreased quadratically with
advancing age of birds, where wk 1 showed the highest
DM and N retentions, and then both DM and N reten-
tions declined at wk 6 (Table 4). The AMEn of sorghum
Figure 1. Effect of broiler age on the nitrogen-corrected apparent met
corn (D), mean § standard error. a-dValues with different superscripts differ
declined linearly (P < 0.001) with advancing age, from
3,762 kcal/kg in wk 1 to 3,614 kcal/kg in wk 2, plateaued
to wk 5 and then declined further to 3,556 kcal/kg in wk
6 (Figure 1B).
For barley-based diets, DM and N retentions

showed a significant (P < 0.001) quadratic response
to bird age, where birds retained the highest DM and
N during wk 1 (Table 5). Bird age had a significant
(P < 0.001) effect on the AME and AMEn of barley.
A quadratic (P < 0.001) reduction in the AMEn of
barley was observed as birds grew older, with the
AMEn decreasing between wk 1 (3,286 kcal/kg) and
abolizable energy (AMEn) of wheat (A), sorghum (B), barley (C), and
significantly (P < 0.05).



Table 5. Influence of broiler age on the retention (% of intake) of
dry matter (DM) and nitrogen (N), apparent metabolizable
energy (AME; kcal/kg DM basis) and nitrogen-corrected AME
(AMEn; kcal/kg DM basis) of barley grain1.

Age (wk) DM retention N retention AME AMEn

1 77.9 61.5 3,391 3,286
2 69.3 40.9 3,057 2,988
3 72.9 46.2 3,195 3,117
4 71.6 43.8 3,164 3,090
5 71.0 42.5 3,105 3,035
6 71.6 41.3 3,150 3,081

SEM2 0.46 1.31 19 17
Orthogonal polynomial
contrast, P ≤

Linear 0.001 0.001 0.001 0.001
Quadratic 0.001 0.001 0.001 0.001

1Each value represents the mean of six replicates. The number of birds
per replicate cage were 10 (wk 1) and 8 (wk 2−6).

2Pooled standard error of mean.
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wk 2 (2,988 kcal/kg), increasing in wk 3 (3,117 kcal/
kg) and then plateauing (Figure 1C).

In birds fed corn-based diets, the highest DM and N
retentions were observed in wk 1 and declined linearly
(P < 0.05) for DM retention and quadratically (P <
0.05) for N retention with advancing age (Table 6). The
AMEn of corn declined quadratically (P < 0.05) with
advancing broiler age; the highest AMEn was observed
in wk 1 and 5, the lowest AMEn in wk 2, with other
weeks being intermediate (Figure 1D).
DISCUSSION

To the authors’ knowledge, no published data are
available on age-related energy utilization responses of
individual cereal grains from wk 1 to 6 of broiler chick-
ens. A perusal of literature shows that previous studies
comparing age effects have been conducted with grain-
based complete diets at specific ages and most do not
include wk 1. Scott et al. (1998) showed that birds at d 8
of age had a lower AME of wheat compared to d 16
(3,420 vs. 3,530 kcal/kg); the same trend was observed
Table 6. Influence of broiler age on retention (% of intake) of dry
matter (DM) and nitrogen (N), apparent metabolizable energy
(AME; kcal/kg DM basis) and nitrogen-corrected AME (AMEn;
kcal/kg DM basis) of corn grain1.

Age (wk) DM retention N retention AME AMEn

1 85.3 62.9 3,771 3,700
2 80.2 40.5 3,587 3,542
3 82.7 53.2 3,676 3,614
4 83.2 52.2 3,719 3,659
5 83.5 53.5 3,743 3,683
6 81.4 48.7 3,685 3,628

SEM2 0.42 1.77 18 17

Orthogonal polynomial
contrast, P ≤

Linear 0.017 0.034 0.651 0.455
Quadratic 0.119 0.013 0.036 0.043

1Each value represents the mean of six replicates. The number of birds
per replicate cage were 10 (wk 1) and 8 (wk 2−6).

2Pooled standard error of mean.
for barley, where the AME increased by 100 kcal/kg at d
16. Batal and Parsons (2004) found that the AMEn of a
corn-soy diet increased numerically by 98 kcal/kg from
d 14 to 21. Thomas et al. (2008) reported that the
AMEn of a corn-based diet was 2,935 kcal/kg at d 7 and
then increased to 3,109 kcal/kg at d 14 of age. However,
N retention decreased with advancing age of birds from
75.5% at d 3 to 60.5% at d 14. These researchers also
observed similar trends for wheat- and sorghum-based
diets. In contrast, Bartov (1995) reported a significant
reduction in the AMEn of a sorghum-corn-based diet
from 2,923 kcal/kg at 13 d of age to 2,892 kcal/kg at 22
d of age.
The principal motive for the present study was there-

fore to investigate whether 1) the age of broilers influen-
ces the AME content of common cereal grains and 2) the
age effect, if present, is similar for all grains. The results
showed that the AMEn of cereal grains were influenced
by bird age, regardless of cereal type. The highest
AMEn values were observed at the first week for all
cereal grains and then the AMEn declined, either line-
arly (sorghum) or quadratically (wheat, barley, and
corn). Similarly, the highest DM and N retention values
were observed at the first week and then declined
quadratically for all cereal grains. The only exception
was the DM retention in corn, which declined linearly.
The reductions in DM and N retention after wk 1 were
associated with reductions in the AMEn of all grains.
The higher AMEn and retention of DM and N deter-

mined for wk 1 are counter-intuitive, since the digestive
tract of the newly hatched chick is immature and must
undergo dramatic changes before it can efficiently digest
and absorb nutrients. The obvious limiting factors are
the secretion and activities of digestive enzymes, and the
surface area for absorption. These limitations are over-
come with advancing age, resulting in concurrent
improvements in nutrient utilization (Noy and
Sklan, 2001). Uni et al. (1995) reported that the N reten-
tion increased from 70% at d 4 to 90% at d 14 post-
hatching. Similarly, they reported that the starch digest-
ibility increased by 14% between d 4 and d 14 post-
hatching. Olukosi et al. (2007) observed that DM and N
retention increased by 20.9% and 19.9%, respectively
between wk 1 and 2. A study by Murakami et al. (1992)
showed a lower AME during the first few days of life fol-
lowed by an increase after the first week. In contrast,
Moss et al. (2020) reported higher ME:GE ratios in
broiler chicks (7−9 d) than older broilers (33−34 d) in
diets based on wheat (0.799 vs. 0.765), sorghum
(0.782 vs. 0.713), or DM and N retentions corn
(0.796 vs. 0.785).
Three possible explanations may be provided to jus-

tify the high AMEn values determined during wk 1.
First, the presence of residual yolk sac may be imparting
beneficial effects on the digestion and utilization of lipids
and protein, contributing to the high AMEn
(Zelenka, 1968). The newly hatched chick relies on resid-
ual egg yolk lipids as the primary source of energy up to
d 5 post-hatch (Sell et al., 1991; Murakami et al., 1992).
Noy and Sklan (2001) estimated that the yolk represents
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about 20% of the body weight of the hatchling and con-
tains about 50% lipids, providing readily available
energy post-hatch. Break-down of yolk lipids, by the
lipolytic enzymes in the yolk sac, provides more than
90% of the total energy required for the hatchling
(Speake et al., 1998). Murakami et al. (1992) estimated
that the residual yolk contributed for approximately
30% toward the total dietary energy intake from d 0 to 3
of age. It is worth emphasizing, at this point, that the
energy is not a nutrient per se, but a property of energy-
yielding nutrients (carbohydrates, lipids, and protein).
The energy derived from carbohydrates, lipids, and pro-
tein differs, with lipids providing 2.5 times GE than car-
bohydrates and protein. It is therefore tempting to
propose that the dependence of the newly hatched chick
on high-energy yolk lipids offers it an AME advantage.
However, the exact mechanism or contribution of the
residual yolk sac towards nutrient utilization remains
unclear (van der Wagt et al., 2020).

Second, the FI during the first week post-hatch is low
as the hatchling adapts to the move from yolk nutrition
to oral nutrition. It has been accepted that the dietary
energy has a regulatory role on FI and birds alter their
feed consumption primarily to meet their energy require-
ments (Leeson et al., 1993; Lamot et al., 2017).
Zelenka (1997) speculated that the decrease in AMEn
with advancing age could be due to increased feed con-
sumption. A negative correlation (r = �0.64) between
FI and AME in wheat-based diets has been demon-
strated by Scott (2005).

Lower FI reduces the feed passage rate in the digestive
tract, which improves the digestibility of nutrients by
increasing the time of contact with digestive enzymes
and absorptive cells (Washburn, 1991). In a study, ten
Doeschate et al. (1993) found that the DM and N digest-
ibility of a corn-soy diet was higher when the FI was
lower. With advancing age, increasing consumption of
diets with high inclusions of cereals overload the diges-
tive tract with starch, resulting in incomplete digestion
of starch. Under these conditions, a negative correlation
was observed between FI and starch digestibility in
wheat, causing reductions in the AME (Svihus and Het-
land, 2001; Svihus, 2011). Vergara et al. (1989) noted
that the increase in digesta passage rate with age is
related to increased FI. Hughes (2008) reported a linear
correlation between the AME and total tract digesta
transit time (r = 0.31). Uni et al. (1995) showed that the
passage time of digesta in the digestive tract increased
from 74 min at d 7 to 122 min at d 22 of age.

Finally, the role of the microbiome, or the lack of
it, in the newly hatched chick cannot be discounted.
The digestive tract of the hatchlings is sterile
(Gabriel et al., 2006) but rapidly colonized by micro-
biome via the feed and environment. Intestinal micro-
biome contains various bacterial species that are
heavy consumers of amino acids and energy
(McBurney et al., 2003) for their rapid growth and
colonization. Thus, the absence or low bacterial popu-
lation during wk 1 may provide an advantage to the
host in terms of nutrient utilization and AME.
Subsequent decline in the AMEn after wk 1 may be
partly attributed to the increasing load of micro-
biome.
The current findings disagree with the widely assumed

perception that energy utilization increases with age
(Tancharoenrat et al., 2013; Yang et al., 2020). The
absence of positive effect of advancing age on the AMEn
of all grains in the current study was also confirmed by
the lack of positive effects on DM and N retention. Stud-
ies on the influence of age of birds on nutrient digestibil-
ity have shown contradictory results. Uni et al. (1995)
revealed that the digestibility of starch, N and fatty
acids increased with advancing age.
Szczurek et al. (2020), on the other hand, reported that
the apparent and standardized ileal digestibility coeffi-
cients of amino acids of wheat were higher in birds at 14
d of age vs. 27 d of age. Similarly, Olukosi and Bed-
ford (2019) showed a reduction in fat digestibility by
45% between d 7 and d 14 of age of broiler chickens,
which was attributed to the faster passage rate in older
birds. In contrast, Tancharoenrat et al. (2013) found
that lipid digestibility in soybean oil increased by 50%
at wk 2 compared to wk 1 post-hatch (0.898 vs. 0.591),
which was attributed to limitations of bile secretion and
emulsification to utilize fats.
One possible reason for the discrepancies reported

between studies is the use of different methodologies.
Several approaches are available to determine the AME,
with the main consideration being the inclusion level of
the test ingredient in the test diet (Wu et al., 2020). Cal-
culations of the AME value of ingredients also differ in
different methods. Even within the same method, AME
of ingredients can vary depending on the formulation of
the basal diet (Wu et al., 2020). According to Sib-
bald (1982), AME estimates are lowered with increasing
inclusion levels of the test ingredient in assay diets.
McIntosh et al. (1962), however, concluded that the diet
composition (balanced or unbalanced) has no influence
of AME of ingredients.
The direct method was employed in the present study

to measure the AME of cereals, wherein the test diets
were composed almost solely with the test ingredient.
This method is simple and the need for a reference diet is
eliminated. However, some ingredients are not palatable
and cannot be tested by the direct method. An alterna-
tive method is the substitution method, where the test
ingredient is substituted for a portion of a reference diet
composed of practical ingredients. Differences between
methodologies may contribute to discrepancies in AME
values of ingredients. Lockhart et al. (1967) found that
the AME of wheat measured by the substitution method
was 81 kcal/kg higher than that measured by the direct
method. Olukosi (2021) reported that the AMEn value
of barley measured by the regression method was
708 kcal/kg greater than that measured by the substitu-
tion method (2,622 vs. 1,914 kcal/kg); however, the
AMEn of corn was not influenced by the methodology
suggesting that the influence of the methodology on
AME estimations is ingredient dependent. Similarly,
Lee and Kong (2019) comparing direct vs. regression
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methods and Veluri and Olukosi (2020) studying substi-
tution vs. regression methods, showed that the assay
method can influence the AME and AMEn value of feed
ingredients, and that should be considered in cross-study
comparisons. Given that the methodology can influence
AME estimates, future studies are warranted to measure
the AME of cereals using other methods at different
broiler ages.
CONCLUSIONS

The results of the present study demonstrated that,
regardless of the cereal, the age of broilers has substan-
tial impact on the AMEn values of cereal grains. These
results question the validity of applying a single AME or
AMEn value for broilers of different ages, which can
under- or overestimate the energy utilization. Therefore,
to improve the precision of feed formulations and pro-
duction efficiency, age dependent AME and AMEn val-
ues may need to be considered when formulating broiler
diets.
ACKNOWLEDGMENTS

The authors acknowledge AgriFutures Australian
Chicken Meat Program for funding the project.
DISCLOSURES

There is no conflict of interest.
REFERENCES

AOAC International. 2005. Official Methods of Analysis (18th ed.).
AOAC International, Washington, DC.

AOAC International. 2016. Official Methods of Analysis (20th ed.).
Association of Official Analytical Chemists, Washington, DC.

Bartov, I. 1995. Differential effect of age on metabolisable energy con-
tent of high protein-low energy and low protein-high energy diets
in young broiler chicks1. Br. Poult. Sci. 36:631–643.

Batal, A. B., and C. M. Parsons. 2002. Effect of age on nutrient
digestibility in chicks fed different diets. Poult. Sci. 81:400–407.

Batal, A. B., and C. M. Parsons. 2004. Utilization of various carbohy-
drate sources as affected by age in the chick. Poult. Sci. 83:1140–1147.

Brumano, G., P. C. Gomes, L. F. Albino, H. S. Rostagno, and
R. A. R. Generoso. 2006. Chemical composition and metabolizable
energy values of protein feedstuffs to broilers at different ages.
Braz. J. Vet. Anim. Sci. 35:2297–2302.

del Alamo, A. G., M. W. A. Verstegen, L. A. Den Hartog,
P. P. De Ayala, and M. J. Villamide. 2008. Effect of wheat cultivar
and enzyme addition to broiler chicken diets on nutrient digestibil-
ity, performance, and apparent metabolizable energy content.
Poult. Sci. 87:759–767.

Fonolla, J., C. Prieto, and R. Sanz. 1981. Influence of age on the
nutrient utilization of diets for broilers. Anim. Feed Sci. Tech-
nol. 6:405–411.

Gabriel, I., M. Lessire, S. Mallet, and J. F. Guillot. 2006. Microflora of
the digestive tract: critical factors and consequences for poultry.
World's Poult. Sci. J. 62:499–511.

Hill, F., and D. Anderson. 1958. Comparison of metabolizable energy
and productive energy determinations with growing chicks. J.
Nutr. 64:587–603.
Hughes, R. J. 2008. Relationship between digesta transit time and
apparent metabolisable energy value of wheat in chickens. Brit.
Poult. Sci. 49:716–720.

Kiarie, E., L. F. Romero, and V. Ravindran. 2014. Growth perfor-
mance, nutrient utilization, and digesta characteristics in broiler
chickens fed corn or wheat diets without or with supplemental
xylanase. Poult. Sci. 93:1186–1196.

Lamot, D. M., D. Sapkota, P. J. A. Wijtten, I. van den Anker,
M. J. W. Heetkamp, B. Kemp, and H. van den Brand. 2017. Diet
density during the first week of life: Effects on energy and nitrogen
balance characteristics of broiler chickens. Poult. Sci. 96:2294–
2300.

Lee, J., and C. Kong. 2019. Comparison of energy values estimated by
direct and indirect methods for broiler chickens. Int. J. Poult. Sci.
18:244–248.

Leeson, S., J. D. Summers, and L. Caston. 1993. Growth response of
immature brown-egg strain pullets to varying nutrient density and
lysine. Poult. Sci. 72:1349–1358.

Lockhart, W. C., R. L. Bryant, and D. W. Bolin. 1967. A comparison
of several methods in determining the metabolizable energy con-
tent of durum wheat and wheat cereal by chicks. Poult. Sci.
46:805–810.

Mateos, G. G., L. C�amara, G. Fondevila, and R. P. L�azaro. 2019.
Critical review of the procedures used for estimation of the energy
content of diets and ingredients in poultry. J. Appl. Poult. Res.
28:506–525.

McBurney, W., G. Tannock, and V. Ravindran. 2003. A culture-inde-
pendent approach to the analysis of the gut microflora of broilers.
Proc. Aus. Poult. Sci. Symp. 15:131–134.

McCleary, B. V., T. S. Gibson, and D. C. Mugford. 1997. Measure-
ment of total starch in cereals products by amyloglucosidase vs.
amylase Method: Collaborative study. J. Assoc. Off. Anal. Chem.
80:571–579.

McIntosh, J. I., S. J. Slinger, I. R. Sibbald, and G. C. Ashton. 1962.
Factors affecting the metabolizable energy content of poultry
feeds: 7. The effects of grinding, pelleting and grit feeding on the
availability of the energy of wheat, corn, oats and barley; 8. A
study on the effects of dietary balance. Poult. Sci. 41:445–456.

Moss, A. F., A. Khoddami, P. V. Chrystal, J. O. B. Sorbara,
A. J. Cowieson, P. H. Selle, and S. Y. Liu. 2020. Starch digestibil-
ity and energy utilisation of maize-and wheat-based diets is supe-
rior to sorghum-based diets in broiler chickens offered diets
supplemented with phytase and xylanase. Anim. Feed Sci. Tech-
nol. 264:114475.

Murakami, H., Y. Akiba, and M. Horiguchi. 1992. Growth and utiliza-
tion of nutrients in newly hatched chicks with or without removal
of residual yolk. Growth Dev. Aging 56:75–84.

NRC (National Research Council). 1994. Nutrient Requirements of
Poultry (8th rev. ed.). Natl. Acad. Press, Washington, DC.

Noy, Y., and D. Sklan. 2001. Yolk and exogenous feed utilization in
the posthatch chick. Poult. Sci. 80:1490–1495.

Olukosi, O. A. 2021. Investigation of the effects of substitution levels,
assay methods and length of adaptation to experimental diets on
determined metabolisable energy value of maize, barley and soya
bean meal. Brit. Poult. Sci. 62:278–284.

Olukosi, O. A., and M. R. Bedford. 2019. Comparative effects of
wheat varieties and xylanase supplementation on growth perfor-
mance, nutrient utilization, net energy, and whole-body energy
and nutrient partitioning in broilers at different ages. Poult. Sci.
98:2179–2188.

Olukosi, O. A., A. J. Cowieson, and O. Adeola. 2007. Age-related
influence of a cocktail of xylanase, amylase, and protease or
phytase individually or in combination in broilers. Poult. Sci.
86:77–86.

Rostagno, H. S., L. F. T. Albino, J. L. Donzele, P. C. Gomes,
R. F. Oliveira, D. C. Lopes, A. S. Ferreira, and
S. L. T. Barreto. 2005. Brazilian Tables for Poultry and Swine:
Composition of Feedstuffs and Nutritional Requirements (2nd ed).
Federal University of Vicosa, Brazil.

SAS Institute. 2015. SAS� Qualification Tools User’s Guide. Version
9.4. SAS Institute Inc., Cary, NC.

Scott, T. A. 2005. Variation in feed intake of broiler chickens. Recent
Adv. Anim. Nutr. Aus. 15:237–244.

http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0009
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0009
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0009
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0018
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0018
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0018
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0025
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0025
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0025
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0025
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0029
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0029
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0029
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0030
http://refhub.elsevier.com/S0032-5791(21)00322-9/sbref0030


8 KHALIL ET AL.
Scott, T. A., F. Silversides, H. Classen, M. Swift, and
M. Bedford. 1998. Comparison of sample source (excreta or ileal
digesta) and age of broiler chick on measurement of apparent
digestible energy of wheat and barley. Poult. Sci. 77:456–463.

Sell, J. L., C. R. Angel, F. J. Piquer, E. G. Mallarino, and
H. A. Al-Batsham. 1991. Developmental patterns of selected char-
acteristics of the gastrointestinal tract of young turkeys. Poult.
Sci. 70:1200–1205.

Sibbald, I. R. 1982. Measurement of bioavailable energy in poultry
feedingstuffs: a review. Can. J. Anim. Sci. 62:983–1048.

Speake, B. K., A. M. Murray, and R. C. Noble. 1998. Transport and
transformations of yolk lipids during development of the avian
embryo. Prog. Lipid Res. 37:1–32.

Svihus, B. 2011. Limitation to wheat starch digestion in growing
broiler chickens: a brief review. Anim. Prod. Sci. 51:583–589.

Svihus, B., and H. Hetland. 2001. Ileal starch digestibility in growing
broiler chickens fed on a wheat-based diet is improved by mash
feeding, dilution with cellulose or whole wheat inclusion. Br. Poult.
Sci. 42:633–637.

Szczurek, W., B. Szymczyk, A. Arczewska-W»osek, and
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