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ABSTRACT Using accurate nutrient values for in-
gredients is of vital importance for efficient diet for-
mulation. The net energy (NE) system accounts for
the real available amount of feedstuff energy for body
maintenance and production as it considers energy dis-
sipated as heat increment. The NE content of diets for
pigs and broilers has been estimated from their nutri-
ent contents. However, such estimates have not been
made specifically for laying hens. This study reports
the development of equations to predict NE for lay-
ing hens based on the chemical composition of 16 dif-
ferent diets meeting minimum nutrient specifications
but varying in nutrient composition. Heat production
and energy metabolism were measured in layers ranging
from 32 to 62 weeks of age in closed-circuit calorimetry
chambers with 8 replicates per diet in a randomized de-
sign. Each replicate consisted of a chamber with 3 layers
that were adapted for 4 D to diets and chambers prior

to measurement. The measurements included feed in-
take, metabolizable energy (ME) content, nitrogen bal-
ance, egg production, gas exchange, heat production,
energy efficiency, and energy partition for a 3-D pe-
riod. The average AME/GE and NE/AME ratios of
the 16 diets were 77 and 74%, respectively. The latter
ratio increased with energy efficiency (EE) content and
decreased with CP content of diets. The results indi-
cate that diet NE content can be predicted from AME,
CP, and EE contents and the NE/AME ratio varied
positively with EE and negatively with CP. A valida-
tion experiment with 2 diets fed to layers in calorimetry
chambers confirmed the estimation from NE prediction
equations. In conclusion, NE of diets can be predicted
in laying hens from equations based on AME and CP
and EE contents in laying hens being similar to those
reported in broilers.
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INTRODUCTION

Feed represents 65 to 75% of the total egg production
cost with energy representing at least 60% of total cost
for feed. Hence, accurate estimates of the real available
amount of feedstuff energy are necessary to meet nutri-
ent requirements and performance objectives at optimal
efficiency. The pig and dairy industries have the ability
to formulate feed using a net energy (NE) system. How-
ever, the poultry industry uses true or apparent metab-
olizable energy, usually corrected to zero-nitrogen re-
tention (TMEn, AMEn), to formulate feed and as such
does not distinguish maintenance from production or
heat increment (HI) losses that would depend on nutri-
ents.

Each feed energy system deals with energy utilization
in the body and the calculation method for energy val-
ues. The ME is the attainable portion of feedstuff gross
energy present after deducting the excreta energy. Heat
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increment is the heat produced in fed animals in ex-
cess of their maintenance (or fasting) metabolism, and
it can be calculated by subtracting fasting heat pro-
duction (FHP) from total heat production (THP). And
NE is equal to ME minus HI. Net energy can be used
for maintenance, body weight gain, and egg produc-
tion. Total heat production can be measured by the
calorimetry gas exchange or the comparative slaughter
technique. The simple relationship of NE, ME, and HI
as NE = ME – HI was originally introduced by Armsby
and Fries (1915). They found the HI was dependent
on the nutrient specification and independent on the
level of feeding. This was a false assumption as later
studies revealed that HI could be altered according to
feed intake (FI) as a result of nutrient digestion and
metabolism (Chudy et al., 2003; Ning et al., 2013, 2014;
Liu et al., 2017).

Taking the NE as the most available portion of feed
energy for animals, the NE system could be expected
to overcome limitations of the current TMEn or AMEn
systems because it represents the energy content of feed
that is used for maintenance and production. De Groote
(1974) examined the relative efficiency of energy uti-
lization of different nutrients and found it to be 100,
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Table 1. Ingredients composition of diets (g/kg; as-is basis).

Diet 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Ingredients
Corn 661 574 516 395 547 548 648 520 0 0 0 0 0 0 0 0
Wheat 0 0 0 0 0 0 0 0 625 522 730 529 598 480 489 604
Soybean meal 211 111 338 373 307 268 158 256 202 339 62 164 179 278 310 258
Canola oil 1 52 24 60 20 30 17 43 18 20 7 60 32 53 41 13
Alpha cellulose 0 38 0 30 3 13 16 26 0 0 32 44 16 24 10 0
Celite 0 81 0 20 0 17 27 30 30 0 26 71 47 43 28 5
Others 1 122 125 120 121 121 122 124 122 121 119 122 122 121 120 120 120
Supplemented amino acids2 4.4 19.5 1.5 1.5 1.8 2.5 11.3 2.9 4.0 1.1 19.6 10.1 6.7 1.9 1.5 1.7
1Others provided as (as-is, g/kg): 100 limestone, 16 dicalcium phosphate, 2.4 salt, 2.0 Na bicarbonate, 1.0 UNE vitamin & mineral premix, 0.6

choline 60%. Xylanase (Econase XT 25) added in wheat diets 9–16 at 0.075 g (12,000 BXU) per kg. UNE layer premix supplied per tonne: 10.0 MIU
Vit A, 3.0 MIU Vit D, 20.0 g Vit E, 3.0 g Vit K, 35.0 g nicotinic acid, 12 g pantothenic acid, 1 g folic acid, 6 g riboflavin, 0.02 g cyanocobalamin,
0.10 g biotin, 5.0 g pyridoxine, 2.0 g thiamine, 8.0 g copper, 0.20 g cobalt, 0.50 g molybdenum, 1.0 g iodine, 0.30 g selenium, 60.0 g iron, 60.0 g zinc,
90.0 g manganese, 20.0 g Oxicap E2 (antioxidant).

2Supplemental amino acids (as-is, g/kg): 2.3 D, L-methionine for all diets; 1.2 L-lysine HCL, 78.4% for diets 1, 2, 7, 9, and 11–13; 0.7 L-threonine,
99% for diets 1–2 and 6–9 and 11–13; 0.1 L-tryptophan for diets 2, 7, and 11; 0.5 L-isoleucine for diets 2, 7, and 11- 13; 0.4 L-arginine for diets 2, 7,
11, and 12; 0.5 L-valine for diets 2, 7, and 11–13.

113, and 78% for carbohydrate, fat, and protein, respec-
tively, relative to carbohydrate utilization in growing
chicks. Pirgozliev and Rose (1999) compared the NE
and AME values of 62 different feedstuffs and found
the AME system overestimated the NE of high-protein
animal-based feed compared to cereal grains, cereal by-
products, and underestimated high-protein vegetable-
based feedstuffs. It was also reported by Carré et al.
(2014) that NE/AMEn ratios for CP, lipids, and starch
were 76, 86, and 81% in broilers. Similarly, Wu et al.
(2019) obtained NE/AMEn ratios of 73% for soybean
meal (SBM), 88% for soy oil, and 81% for corn in grow-
ing broilers. These results indicate that the ME system
would underestimate the energy value of dietary fat and
overestimate the energy value of high-protein ingredi-
ents.

Net energy prediction equations for poultry have
been proposed by several researchers (Schiemann et al.,
1972; De Groote, 1974; Carré et al., 2002; Wu et al.,
2019). The objective of this study was to measure the
NE values of 16 diets in laying hens and to determine
whether NE of compound feed and ingredients in laying
hens could be predicted from their chemical composi-
tion.

MATERIALS AND METHODS

Birds and Experimental Design

The study was approved by the Animal Ethics Com-
mittee of the University of New England (UNE) and
designed to follow the Australian code of practice for
the care and use of animals for scientific purposes
(NHMRC, 2013). Hy-Line Brown pullets were sourced
from the Glenwarrie Partnership, Tamworth, NSW,
Australia, and reared following the Hy-Line Brown rec-
ommendations (Hy-Line, 2016) in a curtain-sided shed.
They received 16 h of light and 8 h of darkness dur-
ing their production period. A completely randomized
design was used to evaluate 16 different diets in 16

calorimetry chambers (1 diet per chamber) with 3 birds
per chamber. There were 8 repeat runs per diet. The
same birds were kept together in chambers and shed
cages between each run. Birds were assigned to diets
randomly. The birds were 51 to 62 wk of age for the
first 4 runs and a different batch of birds, 29 to 37 wk
of age, was used in the last 4 runs. Birds were moved
from shed to chambers and fed test diets for a 4-D
in-chamber adaptation period with chamber lids open
and running air pumps in a climate-controlled room.
During the following 3 D, gas exchange was measured
and HP was calculated as described below. Birds were
fed a standard commercial diet when housed in the
shed. Feed and water were provided ad libitum at all
times.

Diets and Experiments

A total of 16 diets were formulated to have the same
AMEn of 2,775 kcal/kg (as is basis) using the values for
AMEn of corn, wheat, and SBM determined in a previ-
ous experiment with laying hens (Barzegar et al., 2017).
This was done in an attempt to minimize the effect of
dietary AMEn on FI. Half of the diets were based on
corn and the other half based on wheat (Table 1). All
wheat-based diets contained xylanase (Econase XT 25;
AB Vista, Marlborough, UK). None of the diets con-
tained phytase. Some diets contained small amounts
of alpha cellulose and celite (fine silica) as fillers such
that diets could be formulated with various levels of fat
and protein at the same calculated AMEn level. Diets
ranged in protein content from 13 to 24% (DM) us-
ing single crystalline amino acids added as necessary to
ensure digestible amino acids met requirements recom-
mended by Hy-Line (Hy-Line, 2016) (Table 2). Diets
were formulated such that levels of fat, protein, and
starch had no or minimal correlations to each other
(Table 3) to improve the probability of developing ro-
bust NE prediction equations.
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Table 2. Nutrient composition of experimental diets (g/kg DM basis; unless noted).

Diet 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Nutrients assayed
DM%1 91.3 92.6 91.6 92.0 91.8 91.7 91.6 91.8 92.0 91.8 92.0 93.0 92.4 92.9 92.4 92.2
CP 185 132 229 226 212 198 154 190 189 244 144 156 171 200 224 215
EE 31 63 57 82 52 55 33 58 35 42 32 66 42 63 51 30
Crude fiber 82 88 59 41 55 67 75 44 69 66 63 74 43 68 66 46
Ash 156 214 165 171 197 166 189 177 204 182 163 208 186 201 169 190
NSP total 66 83 73 98 71 76 69 85 81 89 101 108 87 104 98 88
NSP soluble 6 4 6 6 6 6 5 5 15 13 15 12 13 13 13 14
NSP insoluble 60 79 67 92 65 70 64 80 66 76 86 96 74 91 85 74
NDF 76 85 81 102 82 96 78 93 92 98 116 122 118 97 93 97
ADF 39 57 47 61 43 53 56 56 38 44 47 57 49 39 38 31
Starch 429 395 338 277 321 378 431 360 372 308 460 351 399 302 338 359
Sugars 34 21 43 44 41 38 29 35 39 47 28 29 33 40 42 43

Nutrients calculated, as-is2

Calcium 42 42 42 42 42 42 42 42 42 42 42 42 42 42 42 42
Phosphorus, available 4.0 4.1 4.0 4.1 4.1 4.1 4.1 4.1 4.1 4.0 4.1 4.1 4.1 4.1 4.1 4.1
1DM measured at the feed distribution time.
2Total digestible amino acids calculated (g/kg as is): 4.5 methionine, 8.8 lysine, 6.8 methionine + cysteine

Table 3. Correlations between nutrient compositions and energy values of the 16 diets used for the prediction of net energy values.

Ash CP EE Starch Free sugars CF ADF NDF NSP GE AME

CP R –0.378**
EE R 0.194* 0.119
Starch R –0.166 –0.738** –0.642**
Free sugars R –0.330** 0.981** 0.057 –0.728**
CF R 0.323** –0.579** 0.595** 0.023 –0.577**
ADF R 0.321** –0.599** 0.562** 0.053 –0.593** 0.999**
NDF R 0.325** –0.511** 0.178 0.126 –0.440** 0.800** 0.820**
NSP R 0.230* –0.065 0.396** –0.320** –0.010 0.678** 0.684** 0.870**
GE R –0.509** 0.661** 0.620** –0.641** 0.604** 0.025 –0.006 –0.240** 0.138
AME R –0.453** 0.067 0.355** –0.028 0.019 0.234* 0.221* –0.006 0.069 0.597**
NE R –0.106 –0.166 0.341** 0.030 –0.197* 0.358** 0.349** 0.140 0.124 0.302** 0.749**

ADF, acid detergent fiber; CF, crude fiber; CP, crude protein; EE, ether extract or fat; GE, gross energy; AME, apparent metabolizable energy;
NDF, neutral detergent fiber; NE, net energy; NSP, non-starch polysaccharides; NS, not significant.

*Pearson correlation significance level (P < 0.05).
**Pearson correlation significance level (P < 0.01).

Calorimetry Chambers Measurements

Closed-circuit calorimetric chamber design, gas ex-
change, and HP measurements have been previously
described by Swick et al. (2013) and Wu et al. (2019)
in broilers. The lighting program provided 16 h of light
per day with the darkness from 10:00 pm until 6:00
am. The temperature and relative humidity were main-
tained within 22 to 24°C and 50 to 70% in cham-
bers. Temperature and humidity of each chamber were
monitored with electronic sensors including display and
memory capabilities. A 28 L/min diaphragm air pump
circulated chamber air through a plastic CO2 trap con-
taining 2 L of a 320 g/kg KOH solution with bubbler as-
sembly to maximize CO2 absorption followed by a mois-
ture trap containing approximately 3 kg of dried silica
gel before being returned to the chamber. A baromet-
ric sensor was connected to a solenoid valve to backfill
the chamber with medical grade oxygen as CO2 was ab-
sorbed. The O2 consumption was determined gravimet-
rically by weighing cylinders before and after each day

run. The recovery of CO2 from KOH was performed ac-
cording to the method described by Annison and White
(1961) based on a barium chloride (BaCl2) precipitation
technique. The changes of O2 and CO2 in the calori-
metric chambers were measured before the closing and
opening of the chambers every day during the run us-
ing a FoxBox Respirometry System instrument (Sable
Systems, Las Vegas, NV). The total consumption of O2
and expiration of CO2 were calculated by taking into ac-
count the residual proportion of gases in the chambers.
The daily gas exchanges were measured for 3 consecu-
tive days. However, it was suspended for about 2 h each
day for replenishing feed, water, KOH, and silica gel and
collection of excreta. Feed intake was measured and to-
tal excreta collected daily in each calorimetry chamber.
Excreta collections were cumulated and weighed for
3 D. All variables were adjusted to a total of 72 h
for calculation of HP. Performance measurements over
3 D included initial and final body weight of each laying
hen, the daily FI per chamber, and the eggs mass and
number per chamber.
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Analyses of Diets and Excreta

Feed and excreta were thoroughly homogenized with
subsamples taken for analysis. Feed samples were an-
alyzed on an as-is basis, and results were expressed
on a DM basis. Approximately 2 g of diet and 3 g of
freeze-dried excreta samples were dried in crucibles in
a forced air oven at 105°C to constant weight to de-
termine DM. Excreta were freeze-dried for gross energy
and N analysis. Wet excreta DM was calculated by cor-
rection for the loss of moisture during both freeze- and
oven-drying. Gross energy was analyzed using an adi-
abatic bomb calorimeter (IKA Werke, C7000, GMBH
and CO., Staufen, Germany). Feed samples were ana-
lyzed for CP, energy efficiency (EE), crude fiber, ash,
neutral detergent fiber and acid detergent fiber (AOAC,
2016), starch (Megazyme Total Starch Kit, Megazyme
International Ireland Ltd., Bray, Ireland), free sugars
(mono- and disaccharides) (Annison et al., 1996), total
non-starch polysaccharides (NSP), soluble NSP and in-
soluble NSP (Englyst and Hudson, 1987; Theander and
Westerlund, 1993).

Calculations

The AME was determined using the total collection
method of Bourdillon et al. (1990). The AME values
were converted to AMEn (AME for zero N retention in
body and eggs) and AMEs (AME corrected for a reten-
tion of N equal to 50% of nitrogen intake) (Cozannet
et al., 2010) values using a GE value of 8.22 kcal per
gram of N as the correction factor (Hill and Anderson,
1958). The THP corresponded to the O2 consumed and
the amount of CO2 produced from birds according to
the modified Brouwer equation: THP (kcal) = 3.866
× liters of oxygen consumed + 1.200 × liters of CO2
expired (Brouwer, 1965; McLean, 1972). The respira-
tory quotient (RQ) of each 3-D run was calculated as
the ratio of liters of CO2 expired to liters of O2 con-
sumed. Heat increment was calculated by subtracting
FHP from THP. An FHP value of 88 kcal/kg BW0.75

(370 kJ/kg BW0.75) per bird per day was used. This
corresponds to the asymptotic HP (at zero activity) af-
ter a 24-h fasting period as reported for laying hens
by Wu et al. (2016). The NE content was calculated
as AME intake minus HI (per bird per day) divided by
feed consumed on a DM basis. The N balance data were
expressed per gram per bird per day.

TNR = Nint − Nexc (1)

where TNR is total nitrogen retained, Nint is N intake,
and Nexc is N in excreta (g/bird/d).

NRegg = 1.936 × Egg mass (2)

where NRegg is total nitrogen retained in egg
(g/bird/d), 1.936 is N% in egg (Miranda et al., 2015).

NRbody = TNR − NRegg (3)

where NRbody is total nitrogen retained in body
(g/bird/d).

RE = MEI − HP (4)

where RE is total retained energy, MEI is ME intake,
and HP is THP (kcal/kg/d).

REprot = TNR × 6.25 × 5.7 (5)

where REprot is retained energy as protein, 6.25 is the
protein equivalent of 1 g nitrogen, and 5.7 is the energy
equivalent of 1 g protein (kcal/kg/d).

REfat = RE − REprot (6)

where REfat is retained energy as fat (kcal/kg/d).

REegg = −19.7 + 1.81 × egg weight (Sibbald, 1979)
(7)

where REegg is retained energy in egg (kcal/d).

REegg prot = (1.936 × Egg mass) × 6.25 × 5.7
(8)

where REegg prot is retained energy in egg as protein
(kcal/d).

REegg fat = REegg − REeggprot (9)

where REegg fat is retained energy in egg as fat
(kcal/d).

REbody = RE − REegg (10)

where REbody is retained energy in body (kcal/kg
BW0.75/d).

REbody prot = NRbody × 6.25 × 5.7 (11)

where REbody prot is retained energy as protein in
body (kcal/kg/d).

REbody fat = REbody − REbody prot (12)

where REbody fat is retained energy in body as fat
(kcal/d).

Energy balance data as AME intake, HP, retained
energy (RE), and its partition between protein and fat
and between body and egg production were further ex-
pressed per bird per kg BW0.75 per day. Energy values
of diets were expressed per kg DM, and energy utiliza-
tion data were expressed as percent. The performance
data were expressed per bird per day, with FI and FCR
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reported on a DM basis. Egg mass calculated as a prod-
uct of percent hen day production (HDP) and average
egg size (g/bird/d) and FCR as FI (g) divided by egg
mass (g).

Statistical Analyses

All the performance, nitrogen balance, energy bal-
ance, energy values, and utilization data were analyzed
using PROC GLM and Tukey’s multiple-range test to
separate means when appropriate (SAS, 2010). The
model included the effects of diet (n = 16) and run
(n = 8). As explained above, the so-called run effect
includes the effect of batch of birds per se but also
their age, and any environmental conditions that dif-
fered between successive runs. Multiple linear regres-
sion equations were calculated for estimating ME for
maintenance (MEm), FHP, and mean utilization of ME
for NE, on one hand, and efficiencies of ME for egg and
body energy or protein and fat gains, on the other hand.
Finally, the stepwise procedure of PROC REG was ap-
plied with or without intercept to calculate prediction
equations for energy values and energy efficiencies ac-
cording to linear effects of dietary characteristics.

For the validation of the NE equation, regression
equations obtained from the 16 diets were applied to 2
further diets differing markedly in the NE: AME ratio.
Furthermore, the AME and NE of the 4 major ingredi-
ents were calculated by regression with the AME and
NE values of 16 diets against the inclusion rates of the
ingredients.

RESULTS

A total of 13 observations were removed from the 128
total measurements taken because of low FI (4), low
HDP (3), or technical issues with chambers (6). The
calorimetry measurements were performed at different
times, and each measurement (3 D) was regarded as a
run. Body weight, FI, HDP, FCR, N intake, N excreted,
total N retained, N retained in egg, N retained in body,
AME intake, HP, HI, and RE were all affected by run
(P < 0.05), while RE in egg as protein was not affected
by run (P > 0.05) (Tables 4 and 5). Variance due to run
includes bird age, bird individuality, and environmental
conditions during the pre-measurement period.

Metabolic Utilization of Energy in Laying
Hens

The average AME intake and HP of the 115 groups
of 3 hens used in the study were 157 and 130 kcal/kg
BW0.75/d, respectively (Table 5). The amount of en-
ergy retained or exported to eggs averaged 54 kcal/kg
BW0.75/d, meaning that the laying hens in the present
study had to mobilize 27 kcal/kg BW0.75/d energy from
body reserves. Thus, AME intake was insufficient to
meet the energy requirements for both maintenance Ta
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Figure 1. Relationship between energy retained and ME intake in laying hens (n = 115; kcal/kg BW0.75/d).

Table 6. Energy utilization prediction equations in laying hens (kcal/kg BW0.75/d).

Equation no Equation1 r2 RSD

1 RE = –90 + 0.75 × ME intake 0.89 5.3
2 ME intake = 105 + 1.98 × REprot + 0.98 × REfat 0.92 5.8
3 REbody = –75 + 0.75 × ME intake -1.28 REegg 0.90 5.3

1Multiple linear regression with means of the 115 measurements on 16 diets.
RE, total retained energy; REbody retained energy in body; REegg retained energy in egg; REprot,

retained energy as protein; REfat, retained energy as fat; RSD, residual standard deviation.

and egg production. In fact, for all of the 16 treatment
groups of laying hens, the mean body energy balance
was negative, which means that dietary NE measure-
ments were obtained under a metabolic situation where
energy required for maintenance and egg production
was met by both feed and body reserves. With regard
to N utilization, the data presented in Table 4 indicate
that N retained on average was 1.22 g/bird/d of which
1.19 g/bird/d was exported to egg with a subsequent
close to zero N deposition in body (0.03 g/bird/d, on av-
erage). Unlike energy, protein and amino acid supplies
were sufficient to meet the requirements of laying hens
for egg production and maintenance. This also means
that the mobilization of body energy corresponds to fat
exclusively. In the present study, this mobilization aver-
aged 28 kcal/kg BW0.75 or 48 kcal/bird/d being equiv-
alent to about 5 g/bird/d of fat.

Retained energy was related to ME intake (r2 = 0.89)
as depicted in Figure 1 and Model 1 in Table 6. It was
then possible to estimate parameters for energy utiliza-
tion in laying hens by regression modeling. Different
models were tested in order to estimate the MEm (ME
requirements for maintenance) and the energy cost of
energy gain in egg or as protein and fat (Table 6). Model
1 indicates that MEm (for RE = 0) and FHP (for MEint
= 0) equal 120 and 90 kcal/kg BW0.75/d, respectively

and the efficiency of ME for energy gain is 75%. Model
2 describes the total recovered energy from ME intake
into both protein and fat for body and egg combined.
Model 2 illustrates that the energy cost of depositing
1 kcal of AME intake as protein (in both egg and body)
was 1.98 kcal. Also, the energy cost for retaining 1 kcal
of energy intake as fat (in both egg and body) was
0.98 kcal. Therefore, the efficiencies of energy gain as
protein and as fat from AME were approximately 50
and 100%. Model 3 examined how energy balance in
body is dependent on ME intake and energy exported
to egg. Model 3 showed that deposition of 1 kcal of
egg energy required 1.28 kcal of body energy (i.e., 78%
efficiency).

The Effect of Diet Composition on
Performance and Energy Utilization in
Laying Hens

Dietary treatment did not change FI, HDP, egg mass,
and FCR (P > 0.05) as shown in Table 4. Total N
retained, N retained in egg, and N retained in body
were not affected by dietary protein level (P > 0.05)
as shown in Table 4. Body N retention was on aver-
age 0.1 g/bird/d, while that retained in egg was much
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higher at 1.2 g/bird/d. The amount of lysine consumed
by the birds averaged 909 mg/bird/d with a range be-
tween 777 and 1,108 mg/bird/d.

Diet composition did not alter the AME intake, HP,
and HI (kcal/kg BW0.75/d; P > 0.05) as shown in
Table 5. However, birds fed the highest AME levels (di-
ets 12 and 14) showed the highest total RE and the
lowest mobilization of body energy. The energy gain
as protein in eggs and protein in body were not af-
fected by diet composition (P > 0.05). The RQ values
ranged from 0.914 to 1.009 with the lowest values ob-
served in birds fed high-fat diets (diets 4 and 14), and
the highest values in birds fed the high starch diets (di-
ets 1 and 11) (Table 5). The measured AMEn values
among diets ranged from 2,694 to 2,928 kcal/kg DM
as shown in Table 5 (P < 0.05). This was unexpected
as diets were formulated to have a constant AMEn of
2,750 kcal/kg (as is basis). The average energy metabo-
lizability (AME/GE) was 77% (range: 74 to 79%) with
the highest ratio in birds fed diet 11 that contained the
highest level of starch with low CP. The AMEs averaged
2,937 kcal/kg DM (ranging from 2,832 to 3,052 kcal/kg
DM), and were similar to the average AME values of
2,935 kcal/kg DM (ranging from 2,808 to 3,066 kcal/kg
DM). AMEn values were lower than AMEs or AME and
averaged 2,815 kcal/kg DM.

The average efficiency of AME for NE was 74% and
ranged from 70 to 76%. The NE/AME was lowest in
birds consuming diet 16 with an EE of 29 g/kg DM
(the lowest) and CP of 215 g/kg DM. The NE val-
ues ranged from 1,969 to 2,299 kcal/kg DM in con-
nection with combined differences in ME content and
efficiency of ME for NE. The lowest NE/AME value
(70%) was observed in birds fed diet 16 that had the
lowest AME content (2,808 kcal/kg, DM) and lowest
NE of 1,969 kcal/kg DM, while the highest NE/AME
value (76%) was observed in birds fed diet 12 that had
an AME content of 2,906 kcal/kg DM. Birds fed diet
16 also had the lowest NE of 1,969 kcal/kg DM, while
birds fed diet 8 had the highest NE of 2,299 kcal/kg
DM in connection with an AME value of 3,047 kcal/kg
DM and an efficiency of AME for NE of 75.5%.

Prediction of GE, AME, NE, and Energy
Efficiency From Dietary Chemical
Composition

Linear regression was conducted to evaluate the con-
tributions of energy-yielding nutrients to GE, AME,
AMEs, AMEn, and NE as shown in Table 7. For that
purpose, organic matter was partitioned between CP,
EE, starch, and residue (Res). The Res component con-
tained fiber, including soluble and insoluble NSP, and
sugar. The ratios between the AME and GE coefficients
for each nutrient provide an estimate of the energy me-
tabolizability of that nutrient, while the ratios of nu-
trient coefficients between the NE equation and AME
equation provide an estimate of the efficiency of ME for

Table 7. Contribution of energy yielding nutrients (% of DM) to
GE, ME, and NE contents of layers diets.

Equation
no

Energy Equation1

RSD(kcal/kg, DM) CP EE Starch Res1

4 GE 52.7 94.7 39.2 44.1 36
5 AME 31.8 74.2 37.1 28.7 67
6 AMEs 34.2 67.1 35.2 31.6 80
7 AMEn 27.3 66.8 35.2 32.2 80
8 NE 15.7 77.1 28.9 20.2 124

1Linear regression without intercept (n = 115 measurements on 16
diets).

GE, gross energy; AME, apparent metabolizable energy (as mea-
sured); AMEn, AME corrected for zero N retention; AMEs, AME cor-
rected for N retention equal to 50% of N intake; CP, crude protein; Res1
for diet organic matter minus CP, EE and starch; EE, ether extract or
fat; NE, net energy; RSD, residual standard deviation.

Table 8. Prediction of AME, AMEn, AMEs (kcal/kg, DM), and
metabolizability (%) in layers from diet composition (% of DM).

Equation
no Energy

Equation 1

Intercept CP EE Starch Ash RSD

9 AME 3,033 – 39.6 5.6 –27.1 67
10 AMEn 2,820 – 37.8 6.3 –23.1 79
11 AMEs 3,328 – 27.5 – –28.8 79
12 AME/GE 74.3 –0.25 – 0.19 – 1.5
13 AMEn/GE 72.6 –0.30 – 0.18 – 1.8
14 AMEs/GE 72.3 –0.13 – 0.19 – 1.8

1Stepwise multiple linear regression (n = 115 measurements on 16
diets).

AME, apparent metabolizable energy; AMEn, AME corrected for zero
N retention; MEs, AME adjusted corrected for 50% N retention; CP,
crude protein; EE, ether extract or fat; GE, gross energy; NE, net energy;
RSD, residual standard deviation.

NE of each nutrient. The ratios for metabolizability of
energy were 60, 78, 95, and 65% for CP, EE, starch, and
Res, respectively. The ratios for metabolizability of CP
increased from AME/GE (60%) to AMEs/GE (65%)
and decreased for AMEn/GE (52%). Using the same
method, the efficiencies of AME for NE were 49, 104,
78, and 70% for CP, EE, starch, and Res, respectively.
Thus, the NE content of 1 g of starch was equivalent to
1.84 g of CP and 0.37 g of EE.

Multiple stepwise regression was used to predict the
AME, AMEn, and AMEs values and metabolizability
of energy from diet composition (Table 8). The results
showed that AME and AMEn can be estimated by di-
etary nutrients and were positively related to EE and
starch and negatively related to ash. The AMEs val-
ues were predicted by EE and ash. Energy efficiency
ratios of AME/GE, AMEs/GE, and AMEn/GE were
positively related to starch and negatively related to
CP.

Stepwise multiple linear regression was also used
to estimate diet NE, NE/AME, NE/AMEn, and
NE/AMEs from dietary nutrients as shown in Table 9.
The equation shows NE to be positively related to AME
(0.781) and EE (16.4), while CP was negatively re-
lated (–11.0) when AME was used as a predictor. Using
AMEn as a predictor, NE is also positively related to
AMEn (0.796) and EE (18.5) and negatively related to
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Table 9. Prediction of NE and HI feed (kcal/kg DM) and energy efficiencies (%) in layers from
diet composition (CP, EE, and starch as % of DM) and ME content (kcal/kg DM).

Equation
no Energy

Equation1

RSDIntercept AME AMEn AMEs CP EE Starch

15 NE – 0.781 – – –11.0 16.4 – 93
16 – – 0.796 – –8.8 18.5 – 98
17 – – – 0.798 –14.2 18.4 – 98
18 HI feed 212 – – – 16.4 – 6.8 88
19 NE/AME 76.7 – – – –0.3 0.7 – 3.2
20

NE/AMEn
78.9 – – – –0.3 0.7 – 3.5

21
NE/AMEs

78.8 – – – –0.5 0.7 – 3.4

1Stepwise multiple linear regression (n = 115 measurements on 16 diets); if the intercept is not significantly
different from zero, it is then fixed to zero.

AME, apparent metabolizable energy; AMEn, AME corrected for N retention; AMEs, AME corrected for
50% N retention; CP, crude protein; DM, dry matter; EE, ether extract or fat; NE, net energy; RSD, residual
standard deviation.

CP (–8.80). Similarly using AMEs as a predictor, NE is
positively related to AMEs (0.798) and EE (18.4) and
negatively related to CP (–14.2). The intercept was not
significant in the equations to predict NE from AME,
AMEs, or AMEn (P > 0.05). Also using multiple lin-
ear stepwise regression, the equations to predict the
ratio of NE/AME were generated with significant in-
tercepts in each case (P < 0.001). The equation shows
the NE/AME ratio was positively related to EE (0.66)
and negatively related to CP (–0.33) with an intercept
of 76.7%; NE/AMEn ratio was positively related to
EE (0.72) and negatively related to CP (–0.29) with
an intercept of 78.9%; and NE/AMEs ratio was posi-
tively related to EE (0.71) and negatively related to CP
(–0.45) with an intercept of 78.8%.

DISCUSSION

In the current study, digestible lysine and other essen-
tial amino acids were sufficient for maintenance and egg
production since the body N balance was close to zero
for all diets. Digestible lysine averaged 909 mg/bird/d
and ranged from 777 to 1,108 mg/bird/d across treat-
ments as compared to the Hy-Line recommended value
of 780 mg/bird/d (Hy-Line, 2016). Recently, Pastore
et al. (2018) reported a minimum requirement of stan-
dardized ileal digestible lysine for layers in peak produc-
tion of 813 mg/bird/d. With regard to protein intake,
it ranged from 11.8 to 21.3 g/bird/d, the 17.4 g/bird/d
average value being quite close to the 17.0 g/bird/d
Hy-Line (2016) recommendation. Although CP intake
of several of the diets in the current study were below
this Hy-Line recommendation, these diets were suffi-
cient in digestible lysine and other essential amino acids
for getting a zero N balance in body and maintaining
egg production as they were formulated with inclusions
of essential amino acids in lieu of intact protein. This
situation was achieved despite an insufficient energy
supply and a subsequent mobilization of body fat. As in
the study of Roberts et al. (2007), our study indicates

that a sufficient supply of essential amino acids despite
a shortage of energy is able to maintain egg produc-
tion in laying hens, at least on a short-term basis. This
also suggests that depot fat can be easily mobilized to
supplement dietary energy to maintain egg production
when laying hens are in negative energy balance (War-
ing and Brown, 1967).

In the current study, an FHP value of 88 kcal/kg
BW0.75/d in layers was applied; this value originates
from a previous study using Hy-Line Brown laying
hens at 27 wk of age in an open-circuit respiratory
calorimetric chamber system (Wu et al., 2016). This is
close to the estimated FHP obtained by regressing RE
with ME intake (90 kcal/kg BW0.75/d; Table 6) in the
present study. The values are also consistent with those
reported in White Leghorn layers by Farrell (1975)
(94 kcal/kg BW0.75/d) but higher than those reported
by Reid et al. (1978) (69 kcal/kg BW0.75/d). Differ-
ences in genetics of birds, in methodological approaches,
and in housing conditions may explain this variabil-
ity. Nonetheless, this suggests that the FHP used in
the current study for calculating the NE value of di-
ets was rather accurate and representative. Apart from
FHP, another indicator of energy requirement for main-
tenance is represented by the ME requirement for main-
tenance (MEm). The estimated MEm for the current
experiment (120 kcal/kg BW0.75/d, Model 1) is identi-
cal with the 120 kcal/kg BW0.75/d value reported for
Rhode Island Red laying hens (Jadhao et al., 1999) but
slightly higher than the reported value of 112 kcal/kg
BW0.75/d in caged layers at 22°C (Sakomura, 2004) or
the value that can be calculated from the other mod-
els applied to our data (105 and 100 kcal/kg BW0.75/d
according to Models 2 and 3, respectively; Table 6).
Again, differences in methodologies, statistical models,
genetics, and environment may explain these variations.

In the present study, the utilization of dietary AME
intake for fat deposition was more efficient compared
to being deposited as protein (100 vs. 50%). This
corroborates with other research (Spratt et al., 1990)
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indicating fat deposition to be more energetically ef-
ficient compared to protein deposition. However, the
100% efficiency for fat is not fully relevant, probably
in connection with the structure and characteristics of
the data set including a depot of fat in eggs from both
feed energy and body fat energy. A 90% efficiency of
ME for fat energy gain (in eggs) would be more rele-
vant. This is because in the specific case of laying hens
being on a zero N balance and zero or negative fat bal-
ance in their body, the efficiencies obtained above for
protein and fat correspond to efficiencies of deposition
of fat and energy in the egg. Assuming then that 54
and 46% of egg energy are retained as fat and as pro-
tein, respectively, the overall efficiency of ME for egg
energy gain would be about 72% (i.e., (90 × 54+50
× 46)/100)). In our study, the energy retained in egg
averaged 54 kcal/kg BW0.75/d. The corresponding ME
requirement would then be about 75 kcal/kg BW0.75/d.
This should be added to the ME requirement for main-
tenance (105 kcal/kg BW0.75/d) in order to calculate
the total ME requirement of the laying hens in this
study (about 180 kcal/kg BW0.75/d). For a 2 kg lay-
ing hen, that is equivalent to 303 kcal ME per day or
110 g of a conventional feed containing 2,750 kcal ME
per kg (as is). According to a rather comparable model
of energy utilization in laying hens and using Hy-Line
inputs for bird weight, egg production, age, and egg
mass, the energy requirements were calculated as 305
and 288 kcal/bird/d at 28 and 64 wk (Sakomura, 2004).
The average AME intake in the current study ranged
from 252 to 284 kcal/bird/d (average 266 kcal/bird/d)
across the dietary treatments. This lower AME intake
of layers in the current study is likely due to reduced FI
caused by the change in diet and respiration chamber
environments, even though there was a 4-D adaptation
period.

As expected, the present study showed that fat con-
tributed highest to gross energy, followed by CP and
starch as shown in Table 7. These results are consis-
tent with reported values of energy-yielding nutrients
in food or feed (WHO, 1985; Tran et al., 2004; Carré
et al., 2013; Wu et al., 2019), confirming the quality
of laboratory measurements and proximate analysis in
the current study. Higher AME/GE ratios were ob-
served in diets with high starch and low CP indicating
starch to be efficiently absorbed and used as an en-
ergy source. The AME/GE ratios for EE, starch, and
CP in the current study were 78, 95 and 60%, respec-
tively. Those reported values were 113, 93, and 57%
for the same nutrients in broilers by Wu et al. (2019)
using similar methods and facilities. Murugesan et al.
(2017) confirmed that due to the higher ability of broil-
ers to utilize more energy from dietary supplemental
lipid source, the AMEn/GE ratio of corn oil was 109%
in broilers compared to 82% in layers. Logically, the
highest AME/GE ratios in the present study were then
observed in diets with high starch (r = 0.705, P < 0.001)
and low CP (r = –0.691, P < 0.001). The positive co-
efficient values of starch and negative coefficient of CP

were also confirmed in AME/GE prediction equation
in our current study (Table 8). The EE and starch as
predominating dietary nutrients for layers in AME pre-
diction equation in the current experiment were con-
firmed in broilers (Wu et al., 2019). As in the study
of Wu et al. (2019) in broilers, this suggests that EE
and starch are more digestible than other energy con-
taining components such as non-starch polysaccharides
and other fibrous components in layers and broilers.
It should be noted that the corresponding ratio calcu-
lated for CP is quite difficult to interpret since it in-
cludes both undigested and endogenous protein energy
and urinary energy, the latter component being highly
dependent on the protein supply as compared to protein
gain.

The NE/AME of nutrients in the current study were
104, 78, and 49% for EE, starch, and CP, respectively.
In broilers, the NE/AME efficiency ratios were 85, 79,
and 50% for EE, starch, and CP, respectively, using a
similar estimation method (Wu et al., 2019). The ef-
ficiencies of AME for NE from digestible EE, starch,
and CP were reported to be 84, 78, and 68% in broilers
(Carré et al., 2002). In growing pigs, the efficiencies of
AME for NE were found to be 90, 82, and 60% for di-
gestible EE, starch, and CP (Noblet et al., 1994). It is
clear that NE/AME is positively affected by dietary fat
and negatively by dietary CP in all these studies. Sim-
ilarly, as for Wu et al. (2019) or Noblet et al. (1994),
NE can be predicted from ME (or DE), fat, and CP
contents. In addition, based on the recent prediction
equations reported in broilers (Wu et al., 2019) and the
equation developed for layers in the current study, it
can be concluded that layers are more responsive than
broilers to levels of dietary EE and CP levels for esti-
mating NE. Thus, formulation on a NE basis may have
greater benefit in layers than broilers.

The energy values of ingredients used in the 16 diets
were estimated by multiple linear regression according
to their inclusion rates (Table 10). The AME/GE were
82, 81, 62, and 79% for corn, wheat, soybean meal, and
canola oil, respectively, in our current study. The effi-
ciencies of GE for AME in the current study are simi-
lar to those reported previously for corn (85%), wheat
(82%), and soybean meal (56%) (Barzegar et al., 2017)
or those that can be calculated from table values (Ros-
tagno et al., 2011). According to the same calculation
method, the NE/AME ratios were 75, 74, 62, and 92%,
respectively, for the corn, wheat, SBM, and canola oil
used in the current study. These efficiency values show
that evaluation of ingredients by a NE system com-
pared to an AME system favors high EE ingredients and
demotes high-protein ingredients for energy ranking.
The NE prediction equations developed in our study
(Table 9) confirm this.

The 2 diets used in the validation study used the
NE prediction equations generated from the main study
(Table 11). The 2 diets were rather extreme in terms of
theoretical NE/ME ratios, one being low in CP and
high in EE and the other, high in CP and low in
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Table 10. Estimated energy values (kcal/kg DM) of layer feed
ingredients.

Nutrients Corn Wheat Soybean meal Canola oil RSD

Composition, % DM (measured)
Protein 9.6 12.4 52.7 0
Fat 3.1 1.7 2.0 99.9
GE, kcal/kg
DM

4,455 4,373 4,659 9,4461

Energy values, kcal/kg DM2

GE 4,922 4,782 4,173 14,666 77
AME 4,024 3,885 2,566 11,608 87
AMEs 3,955 3,854 2,734 11,255 96
AMEn 3,869 3,753 2,391 11,323 95
NE 3,008 2,854 1,579 10,640 130
NE predicted3 3,089 2,925 1455 10,712

Energy efficiency, %
AME/GE 81.8 81.2 61.5 79.1
NE/AME % 74.7 73.5 61.5 91.7
NE/AMEs % 76.1 74.0 57.8 94.5
NE/AMEn % 77.7 76.0 66.0 94.0

1Based on tabulated values (Rostagno et al., 2011).
2Estimated by multiple regression (zero intercept) of GE, AME,

AMEs, AMEn, and NE values of diets (n = 16; kcal/kg DM) on the
inclusion rates (DM/DM) of ingredients as corn, wheat, soybean meal,
and canola oil in the main experiment (kcal/kg, DM) (n = 115 observa-
tions).

3NE predicted based on the equation 15 (Table 9) with estimated
AME of each ingredients based on their inclusion rate in 16 diets.

Table 11. Ingredient and nutrient compositions of diets of the
validation experiment (as-is).

Diet High NE/AMEn Low NE/AMEn

Ingredient, g/kg
Corn 300 300
Wheat 327 298
Soybean meal 118 273
Canola oil 45 7
Others1 192 120
Supplemented amino acids2 17 2

Nutrients assayed, g/kg
DM % 89 88
CP 138 194
EE 66 31
Starch 281 263

Nutrients calculated, g/kg
Calcium 42 42
Phosphorus, available 4.0 4.0
1Others provided as (the average as-is, g/kg): 100 limestone, 16 di-

calcium phosphate, 2.2 salt, 2.0 Na bicarbonate, 1.0 UNE vitamin and
mineral premix, 0.6 choline 60%. Alpha cellulose and Celite added in
High NE/AMEn diet both at 35 gr/kg. UNE layer premix supplied per
tonne: 10.0 MIU Vit A, 3.0 MIU Vit D, 20.0 g Vit E, 3.0 g Vit K, 35.0 g
nicotinic acid, 12 g pantothenic acid, 1 g folic acid, 6 g riboflavin, 0.02 g
cyanocobalamin, 0.10 g biotin, 5.0 g pyridoxine, 2.0 g thiamine, 8.0 g
copper, 0.20 g cobalt, 0.50 g molybdenum, 1.0 g iodine, 0.30 g selenium,
60.0 g iron, 60.0 g zinc, 90.0 g manganese, 20.0 g Oxicap E2 (antioxidant).

2Supplemental amino acids (In high NE/AMEn and low NE/AMEn
diet as-is, g/kg): 3.4 D, L-methionine; 4.1 L-lysine HCL, ; 2.1 L-threonine,
99%; 0.3 L-tryptophan; 2 L-isoleucine; 3 L-arginine; 2 L-valine. Low
NE/AMEn diet added with only 2 g/kg D, L-methionine.

EE. Eight replicates per diet in a single run with the
16 calorimetry chambers were conducted with 3 lay-
ing hens per chamber; the same ingredients as in the
main experiment were used (Table 12). The experi-
mental procedure and measurements of ME, HP, HI,
and NE followed the same protocol as described in the
main study. The results indicate that the partition of

Table 12. Effect of diet composition on performance and energy
utilization in layers; comparison of measured and calculated en-
ergy values.1

Diet
High

NE/AMEn
Low

NE/AMEn SEM P-value

Energy balance, kcal/kg BW0.75/d
AME intake 174 163 3 0.044
HP2 132 137 1 0.040
HI 43 49 1 0.040

RE3

Total 42 26 3 0.002
As protein 25 28 1 0.010
As fat 18 -2 3 < 0.001

RQ4 0.986 0.982 0.005 0.754
Energy values (kcal/kg DM; measured)5

AME 3121 2946 24 < 0.001
AMEn 3019 2829 25 < 0.001
AMEs 3120 2974 20 < 0.001
NE 2346 2070 40 < 0.001
Predicted NE6 2389 2117
NE/AME %
(measured energy
values)

75.2 70.3 0.1 0.002

NE/AME %
(predicted energy
values)6

76.5 71.8

1Two diets, 8 replicates per diet in a single run with 16 calorimetry
chambers containing 3 laying hens in each; the same ingredients as in
the main experiment were used. The birds in this experiment were the
same young birds used in the main experiment at 40 wk of age and
average BW = 2,036 g. The trial procedure and measurements of ME,
heat production (HP), and dietary nutrients followed the same protocol
as have been described in the main experiment.

2HP, heat production; heat production (HP) (kcal) = 3.866 × oxygen
consumed (L) + 1.200 × CO2 expired (L) Brouwer (1965) equation.

3,4Total retained energy (RE) calculated as ME intake – HP as
(kcal/kg BW0.75/d); RE as protein calculated as total retained N × 6.25
× 5.7 as (kcal/kg BW0.75/d); RE as fat calculated as total RE – RE as
protein (kcal/kg BW0.75/d). RQ, respiratory quotient.

5Based on measured values in respiration chambers (n = 8 per dietary
treatment).

6NE predicted based on the equation 15 (Table 9) with measured
AME.

ME intake between HP, HI, and retention of energy in
this validation study is comparable to the values mea-
sured in the main experiment performed for calculating
the prediction equations. The NE/AME values differed
significantly between the diets, being markedly higher
in the one with low CP and high EE. In connection
with differences in AME content and in efficiencies of
AME for NE, the difference in NE content of the 2 diets
was accentuated, which justifies the use of an NE sys-
tem for laying hens, especially if the diets have rather
unconventional composition. Finally, the application of
equation 15 (Table 9) to the measured AME values gen-
erates calculated NE values of the 2 diets that are quite
close to the measured ones and with the same hierarchy.
Also, the comparison between measured and predicted
NE/AME ratios showed similar rankings.

In conclusion, the main study measured energy
partition of diets in layer hens and generated pre-
diction equations for AME, NE, and corresponding
efficiencies. By using NE prediction equations, the
NE content of feedstuffs and compound feeds can be
estimated according to their levels of AME, EE, and
CP. This gives an opportunity for layer nutritionists
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to formulate feeds based on NE rather than AME. A
validation study was conducted using the generated
equations to compute NE content of major ingredients
used. The results confirmed quality and applicability
of the prediction equations. Additional NE validation
experiments and commercial studies are recommended
using the new NE-based formulation system to assess
applicability benefit to the industry.
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