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ABSTRACT

Context. Barley can be included in poultry diets as a cost-effective energy-contributing ingredient.
However, its inclusion in meat chicken diets is limited because it is considered a viscous grain due to
high crude fibre and soluble non-starch polysaccharide contents. Aims. The study quantified the
optimum inclusion rate of barley in meat chicken diets during different growing phases, using an
incremental program. Methods. Eight dietary treatments followed a 4 X 2 factorial
arrangement, with three levels of barley inclusion to a wheat-based diet, and a nil-barley control,
with or without P-glucanase supplementation. Barley was initially included at 0% (low), 7.5%
(medium) and 15% (high) in starter diets (Days 1-9), scaling up by 7.5% for each level in grower
(Days 9-21), finisher (Days 23-35) and withdrawal (Days 35—42) diets. Each diet was fed ad
libitum to six replicate pens of 18 chicks. On Day 42, four birds per replicate pen were
euthanised to determine carcass yield and collect digesta. Key results. During the starter
period, a significant (P < 0.05) barley X f-glucanase interaction resulted in lower bodyweight
gain (8%) and higher feed conversion ratio (8.5 points) at 15% barley inclusion without
B-glucanase, whereas performance was restored with [-glucanase supplementation. No
treatment interaction was apparent on growth performance assessed over the entire production
period (Days 1—42). Barley inclusion at medium and high levels increased bodyweight gain, and
at all levels improved feed efficiency (P < 0.01) compared with the control. p-Glucanase
improved (P < 0.05) feed efficiency. Highest (P < 0.01) breast meat yield was measured for diets
with medium barley inclusion. There were no interactive or main effects on duodenal digesta
viscosity. Barley inclusion increased distal ileal digesta water content by ~8-10% (P < 0.05).
Conclusions. Incremental inclusion of barley from 15% in a starter diet, scaling up to 37.5% in
a withdrawal diet, does not compromise growth performance or carcass yields in broiler
chickens. p-Glucanase supplementation favours both bodyweight gain and feed efficiency.
Medium level of barley inclusion favours breast meat yield. Implications. Barley can be
considered an economical grain to formulate cost-effective diets for broiler chickens. An
incremental program is a practical approach to optimise barley inclusion rate.

Keywords: barley, p-glucanase, broiler chicks, carcass yield, feed cost, viscosity, white striping,
woody breast.

Introduction

In any farming system (i.e. intensive, free range or organic rearing systems), the cost of
chicken meat production largely depends on the feed cost, which represents ~60-75%
of total production cost. Dietary energy is the largest and most expensive constituent of
meat chicken diets, often supplied by high inclusion of cereal grains. In Australia,
wheat-based diets are commonly used in poultry production and are often supplemented
with exogenous xylanase to mitigate the negative impact of wheat non-starch
polysaccharides (NSP), mostly soluble arabinoxylans, on the bird’s growth performance.
Barley (Hordeum vulgare L.), ranked fourth in global grain production, can also be
included in poultry diets as an energy-contributing ingredient. Diets igh in barley are
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commonly fed to swine and layer hens, but its inclusion in
meat chicken diets is limited mainly because of its high
fibre content, low energy (apparent metabolisable energy,
AME) and high levels of soluble NSP (Jacob and Pescatore
2012). On a dry matter basis, barley contains 33.3% and
55.2% more crude fibre, and 46.5% and 95.0% more
soluble NSP than wheat and maize, respectively (Choct
2006; Knudsen 2014). Large variations in the chemical and
physical characteristics of barley exist even among similar
types. Depending on cultivar, the concentration of soluble
B-glucan in barley can be nearly 10 times higher than in
wheat (Jacob and Pescatore 2014). Perera et al. (2019a)
measured p-glucan contents of 6.86%, 3.85% and 0.77% in
waxy-starch hull-less barley, normal-starch hulled barley
and wheat, respectively. Barley has a lower and more
variable (40-55%) starch concentration than maize (62-67%)
or wheat (55-60%). When expressed as percentage of total
crude protein (CP), the amino acid profile of barley is
similar to that of maize or wheat; however, its protein and
amino acid digestibility coefficients are considered lower
(McNab and Shannon 1974).

High concentrations of soluble NSPs, particularly p-glucan,
have long been identified as the main antinutritive factors in
barley, responsible for increasing gut viscosity (White et al.
1983) and sticky droppings (Gohl et al. 1978), as well as
impairing nutrient digestibility (Salih et al. 1991) in
chickens. This eventually led to the development and use of
commercial p-glucanases (McNab and Smithard 1992).
Since then, supplementation of barley-based meat chicken
diets with multi-carbohydrase enzymes targeting mainly the
soluble NSP fraction has been comprehensively researched.
B-Glucanase supplementation of diets high in barley has
been shown to increase feed intake and weight gain, and
improve flock uniformity, feed efficiency and nutrient
utilisation (Hesselman and Aman 1986; Marquardt et al.
1994; Almirall et al. 1995; Bergh et al. 1999). Research has
indicated that exogenous multi-carbohydrase, when added
to high barley diets, is able to reduce digesta viscosity
(Almirall et al. 1995; Jozefiak et al. 2006), eliminate the
nutrient-encapsulation effect of cell walls (Hesselman and
Aman 1986; Bedford and Morgan 1996), and modify gut
microbiota through the supply of prebiotic oligosaccharides
(Gonzalez-Ortiz et al. 2017; Bedford 2018). Nonetheless,
application of NSPase in barley-based diets has not always
generated consistent results, and wide variability in responses
to enzyme supplementation has been reported (Bao et al. 2013;
Karunaratne et al. 2021; Perera et al. 2021). Published
literature on recommendations for barley inclusion, either
with or without p-glucanases or other NSPase enzymes, has
also been contradictory. This has resulted in a range of
inclusion levels being recommended in broiler chicken diets
from as little as 10% to >50%. The discrepancy in published
data may be explained by the variations in the chemical and
physical characteristics of barley (Izydorczyk et al. 2000),
the stage of ripeness (Fuente et al. 1998), the birds’ age
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when barley has been introduced into the diet (Ayres et al.
2019), the source of nutrient composition data used for
barley, the grain profile in the background diet, and the
differences in enzyme cocktails tested.

Australia produces high-quality two-row spring-type
barley, with annual production averaging ~7.5 Mt/year
(Grain Research and Development Corporation (GRDC)
2018). Most of the barley produced in Australia is exported,
which makes the domestic barley market very volatile.
Considering the market trends for Australian barley and the
lack of updated literature, it is necessary to re-establish
the optimum inclusion rate of barley in meat chicken
diets, giving nutritionists confidence to formulate more
cost-effective diets with a focus on maximum profitability.
The present study was designed to quantify the optimum
inclusion rate of barley for different growing phases of
meat chickens, and to test the additional benefit on growth
performance by supplementing f-glucanase in the presence
of xylanase in diets based on wheat and barley. An initial
industry report of the experimental work, described below,
has been published online (AgriFutures Australia,
Publication No. 21-053, May 2021).

Materials and methods

Birds and experimental diets

All experimental protocols and procedures for the study were
reviewed and approved by the University of Sydney Animal
Ethics Committee (2020/1776). In total, 864 1-day-old off-
sex male Ross 308 chicks were obtained from a commercial
hatchery (Goulburn, NSW, Australia). On arrival, birds
were group weighed and assigned to their respective
treatments into 48 floor pens. Each treatment was
replicated six times with 18 birds per replicate. The feeding
study consisted of eight dietary treatments designed as a
4 x 2 factorial arrangement, which included three
incremental levels of barley inclusion (low, medium, and
high) and a nil-barley (wheat-based only) control, and
two concentrations of f-glucanase (0 or 304 unit/kg)
supplementation. Barley was formulated into the wheat-
based diet and scaled up over the experimental phases as
follows: 0% (low), 7.5% (medium) and 15% (high) for
the starter phase (Days 1-9); 7.5%, 15% and 22.5% for the
grower phase (Days 9-23); 15%, 22.5% and 30% for the
finisher phase (Days 23-35); and 22.5%, 30% and 37.5%
for the withdrawal phase (Days 35-42) (Table 1).
Therefore, the starter diets, having 0% barley at the low
inclusion rate, were arranged as a 3 x 2 factorial with 12
replicate pens having no barley.

All diets were formulated to be iso-caloric (based on AME)
and iso-nitrogenous, having a balance of digestible essential
amino acids similar to breeder recommendations (Aviagen
2019; Tables 2-5). All diets had exogenous phytase (Axtra
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PHY 10 TPT; Danisco Animal Nutrition, Copenhagen,
Denmark) added at 130 g/t to provide 1300 phytase units
(FTU)/kg, with the matrix applied only for calcium,
available phosphorus and sodium as per manufacturer
recommendations. Diets without p-glucanase had xylanase
(Danisco Xylanase; Danisco Animal Nutrition) added at
65 g/t, to provide 2440 units xylanase activity/kg. Diets
with f-glucanase had a blend of xylanase and p-glucanase
(Axtra XB, Danisco Animal Nutrition) added at 200 g/t,
to provide 2440 units xylanase activity and 304 units
B-glucanase activity/kg. Diets were steam-pelleted at a
conditioning temperature of 80°C for 14 s. The pellet
machine was equipped with a die ring with 4.0 mm holes
and 38 mm thickness. The starter diets were further
crumbled to maximise intake of feed. All diets were offered
ad libitum. Pellet durability index (PDI) of all diets
(excluding starter diets) were tested in triplicate, using the
NHP 200 New Holman Automatic Pellet Tester (TekPro,
Norfolk, UK).

Prior to diet formulation, representative subsamples of
wheat, barley, soybean meal, meat and bone meal, canola
meal and canola seed were analysed by near-infrared
spectroscopy to predict proximate analysis, digestible
amino acid concentrations and AME using AMINONIR
PROX, NIR and NRG (Evonik Nutrition & Care, Hanua,
Germany), respectively. Accordingly, the predicted AME
values of 13.39 and 11.92 MJ/kg for wheat and barley,
respectively, were used to formulate diets.

Parameters

Birds were weighed on a pen basis on Days 1, 9, 23, 35
and 42 to determine bodyweight (BW) and calculate BW
gain (BWG). Feed intake (FI) was measured in similar
intervals and used to calculate feed conversion ratio (FCR)
for each phase. Mortality was recorded daily, and the BW
of dead bird was used to correct FCR values. On Day 42,
BW in the control group (no barley, no p-glucanase) was
used to calculate BW-corrected FCR (FCRc) because there

were treatment-associated differences in BW. This
correction was achieved by considering that a 50 g
difference in BW was equivalent to one point (0.01) in FCR.

On Day 42, a total of four birds per pen were randomly
selected and euthanised for carcass analysis. Skinless
breast meat (pectoral major and minor), leg quarter
(thigh + drumstick), and abdominal fat pad were removed,
weighed and calculated as a percentage of live BW. Breast
major muscle were also visually examined and scored for
the occurrence of woody breast (Fig. 1) and white striping
(Fig. 2; Kuttappan et al. 2012).

The digesta contents of the duodenum loop were
gently squeezed out, and collected into ice-cooled plastic
containers to determine digesta viscosity. Distal ileal
digesta from individual birds were also collected to
measure dry matter and water content.

Chemical analysis

The diets and the digesta dry matter were analysed in
duplicate (method 930.15; Association of Official Analytical
Communities (AOAC) 2016). The nitrogen contents of raw
ingredients and diet samples were determined on a 0.25-g
sample in a combustion analyser (FP-2000 N analyser; LECO,
St Joseph, MI, USA) using EDTA as a calibration standard,
with CP being calculated by multiplying percentage N by a
correction factor (6.25).

Starch concentration in wheat, barley and the diets
was determined by a procedure based on dimethyl
sulfoxide, a-amylase and amyloglucosidase as described by
Mahasukhonthachat et al. (2010).

For viscosity analysis, the duodenal digesta samples were
centrifuged at 12 000g for 10 min at 4°C, and a sample of
supernatant (~0.5 mL) was used to measure viscosity with
a DVIII viscometer (Brookfield, Stoughton, MA, USA) at
25°C with a CP 40 cone. The shear rate ranged from 5 to
500 s7!, over which the samples did not exhibit shear
thinning.

Table I. Layout of the eight dietary treatments.

Treatments Enzyme supplement® Barley inclusion (%) Categorical levels
Xylanase p-glucanase Starter Grower Finisher Withdrawal

TI Yes No 0 0 0 0 Zero
T2 Yes No 0 7.5 15 225 Low
T3 Yes No 75 15 22.5 30 Medium
T4 Yes No 15 225 30 375 High
T5 Yes Yes 0 0 0 0 Zero
Té Yes Yes 0 75 15 225 Low
T7 Yes Yes 7.5 15 225 30 Medium
T8 Yes Yes 15 225 30 375 High

AXylanase added at 2440 units/kg and p-glucanase at 304 units/kg.
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Table 2. Compositions and calculated nutrient specifications in starter diets.

No barley Barley at 7.5% Barley at 15%
Ingredients (%)
Wheat (14% CP, 13.39 M] ME/kg) 65.4 56.2 46.9
Barley (11% CP, 11.92 MJ ME/kg) — 7.50 15.0
Soybean meal 243 254 26.6
Canola meal expeller 3.00 3.00 3.00
Meat and bone meal 239 2.33 227
Lime fine (38% Ca) 1.06 1.06 1.07
Canola seeds 1.00 1.00 1.00
Canola oil 0.943 1.68 242
Monocalcium phosphate 0.391 0.374 0.358
Lysine HCL 0.364 0.339 0.313
DL-Methionine 0.247 0.256 0.265
Sodium bicarbonate 0.219 0.193 0.167
Vitamin and mineral premix* 0.200 0.200 0.200
Salt 0.200 0.211 0.221
L-Threonine 0.152 0.147 0.141
Choline chloride 0.050 0.050 0.050
L-Valine 0.029 0.029 0.028
Phytase 10000 FTU 0.013 0.013 0.013
Xylanase 0.0065 0.0065 0.0065
Cost (A$/t) 544.0 540.28 536.56
Calculated composition
Apparent metabolisable energy (M)/kg) 12.38 12.38 12.38
Net energy (M)/kg)® 9.72 9.74 9.76
Dry matter (%) 90.6 90.7 90.7
Crude protein (%) 235 235 235
Starch/protein ratio 1.69 1.62 1.54
Dig. Lys (%) 1.24 1.24 1.24
Dig. Met (%) 0.56 0.57 0.57
Dig. Met + Cys (%) 0.92 0.92 0.92
Dig. Thr (%) 0.84 0.84 0.84
Dig. lle (%) 0.85 0.85 0.85
Dig. Leu (%) 1.51 1.50 1.49
Dig. Trp (%) 0.26 0.26 0.26
Dig. Arg (%) 1.33 1.34 1.35
Dig. His (%) 0.52 0.51 0.51
Dig. Val (%) 0.97 0.97 0.97
Crude fat (%) 3.36 4.07 4.77
Crude fibre (%) 3.10 3.38 3.67
Starch (%) 39.7 38.0 36.2
Calcium (%) 0.95 0.95 0.95
Available phosphorus (%) 0.48 0.48 0.48
Total phosphorus (%) 0.51 0.52 0.53

(Continued on next page)
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Table 2. (Continued).
No barley Barley at 7.5% Barley at 15%
Sodium (%) 0.19 0.19 0.19
Chloride (%) 0.27 0.27 0.27
Potassium (%) 0.83 0.85 0.87
Na + K — Cl (meq/kg) 219 224 229

AVitamin concentrate supplied per kg diet: retinol, 12 000 IU; cholecalciferol, 5000 IU; tocopheryl acetate, 75 mg; menadione, 3 mg; thiamine, 3 mg; riboflavin, 8 mg;
niacin, 55 mg; pantothenate, |3 mg; pyridoxine, 5 mg; folate, 2 mg; cyanocobalamin, 16 pg; biotin, 200 pg; cereal-based carrier, 149 mg; mineral oil, 2.5 mg. Trace mineral
concentrate supplied per kg diet: Cu (sulfate), | 6 mg; Fe (sulfate), 40 mg; | (iodide), 1.25 mg; Se (selenate), 0.3 mg; Mn (sulfate and oxide), 120 mg; Zn (sulfate and oxide),

100 mg; cereal-based carrier, 128 mg; mineral oil, 3.75 mg.

BNE = 0.808 x AMEn (MJ/kg) — 0.017 x CP (%) + 0.031 X ether extract (%) (Wu et al. 2019).

Statistical analyses

Data were checked for normality and then subjected to
two-way analysis of variance, using the GLM procedure of
JMP13.0.0 (SAS Institute, Cary, NC, USA), to assess the
main effects of barley inclusion levels and f-glucanase
supplementation, and their interaction. Each pen was
considered an experimental unit and the values presented
in the tables are means with pooled standard error of mean
(s.e.m.). If a significant effect of treatment was detected,
differences between treatments or main effects were
separated by least square differences test. Significance was
called at P < 0.05, and trends were indicated where P < 0.1.

Pearson correlation coefficients and associated
significance were generated using PROC GLM of JMP to
determine the relationship between FCR values and the
analysed starch/protein ratios (ST/CP) and calculated

net energy (NE) of the diets without p-glucanase
supplementation.
Results

Enzyme activity, growth performance and pellet
durability index

The diets were formulated to have a phytase activity of
1300 FTU/kg, and the phytase activity test revealed a
recovery of minimum 94% (1220 FTU/kg) to a maximum
of 107% (1390 FTU/kg) across different diets for each period.

The interactive effects of barley inclusion and p-glucanase
on the performance parameters over the starter period (Days
1-9) are presented in Table 6. Barley inclusion at 7.5% did not
have a negative effect on BW or FI. Barley inclusion at 15%
without added B-glucanase decreased BWG by ~8%, and
increased FCR by 8.6 points relative to control birds.
However, p-glucanase supplementation restored this lower
BWG and higher FCR at high barley inclusion, resulting in a
significant (P < 0.05) barley x p-glucanase interaction for
both BWG and FCR. Over the grower period (Days 9-23),
barley inclusion had no effect on BW and FI but tended
(P = 0.081) to improve FCR particularly when added

at 15% (Table 7). Addition of p-glucanase increased
(P < 0.05) BW by an average of 27 g/bird (2.2%).
According to the data presented for the finisher period in
Table 8, on Day 35, barley inclusion at 15% and 22.5%
increased (P < 0.05) BW compared with no-barley diets.
Although there was no significant effect of p-glucanase
alone or in an interaction with barley inclusion, the enzyme
numerically improved BW when barley was included at
15% (2517 vs 2597 g/bird) or 30% (2544 vs 2581 g/bird),
but had no marked effect at 22.5% (2591 vs 2609 g/bird).
Barley inclusion at 22.5% and 30%, regardless of
p-glucanase addition, significantly (P < 0.01) improved FCR
over the finisher period (Days 23-35). On Day 42, birds fed
diets with barley at 30% and 37.5% recorded higher
(P < 0.01) BW than those fed no-barley diets (Table 9).
B-Glucanase supplementation, as a main effect, tended
(P = 0.07) to improve final BW by an average of 43 g/bird.
FI and FCR were not affected by barley or p-glucanase
during the withdrawal period (Days 35-42; Table 9).

Table 10 summarises the effects of dietary treatments on
performance parameters over the entire production period
(Days 1-42). Birds fed diets with medium and high barley
levels had higher (P < 0.01) BWG than birds offered
no-barley diets. Addition of B-glucanase to the diets tended
(P = 0.067) to improve BWG across all treatments. A
greater response to [-glucanase in increasing BWG was
observed in birds fed the low (3164 vs 3247 g/bird) and
high (3178 vs 3249 g/bird) barley diets; however, these
differences did not lead to a significant interaction between
barley inclusion and p-glucanase supplementation. Barley
inclusion at low, medium and high levels improved final
FCR by 2.1, 4.4 and 2.7 points compared with no-barley
diets (P < 0.01), and when FCR was corrected for BW,
these improvements further increased to 3.2, 6.8 and 4.0
FCR points, respectively (P < 0.01). There was a
statistically significant (P < 0.05) improvement in both FCR
and BW-corrected FCR in response to p-glucanase inclusion
over the entire production period.

On the basis of the data on feed cost per kg live BW
(Table 10), the highest and lowest feed costs, respectively,
were for birds fed the control (no-barley) diet without
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Table 3. Compositions and calculated nutrient specifications in grower diets.

No barley Barley at 7.5% Barley at 15% Barley at 22.5%
Ingredients (%)
Wheat (14% CP, 13.39 M) ME/kg) 67.6 583 49.0 39.7
Barley (11% CP, 11.92 MJ ME/kg) - 7.5 15.0 225
Soybean meal 17.4 18.6 19.8 21.1
Meat and bone meal 4.38 4.20 4.02 3.85
Canola meal expeller 4.00 4.00 4.00 4.00
Canola seeds 3.00 3.00 3.00 3.00
Canola ol 1.60 235 3.1 3.86
Lime fine (38% Ca) 0.721 0.743 0.765 0.786
Lysine HCL 0.351 0.326 0.301 0.276
Sodium bicarbonate 0.239 0.215 0.190 0.165
DL-Methionine 0.210 0.219 0.228 0.237
Vitamin and mineral premix” 0.200 0.200 0.200 0.200
Salt 0.150 0.16l 0.173 0.185
L-threonine 0.129 0.123 0.118 0.113
Choline chloride 0.050 0.050 0.050 0.050
Phytase 10G 0.013 0.013 0.013 0.013
Xylanase 0.0065 0.0065 0.0065 0.0065
Cost (A$/t) 537.76 534.33 53091 527.48
Calculated composition
Apparent metabolisable energy (MJ/kg) 12.89 12.89 12.89 12.89
Net energy (M)/kg) 10.19 10.22 10.24 10.26
Dry matter (%) 90.5 90.6 90.7 90.8
Crude protein (%) 224 22.4 223 223
Starch/protein ratio 1.83 1.75 1.67 1.59
Dig. Lys (%) 1.14 1.14 1.14 1.14
Dig. Met (%) 0.52 0.52 0.53 0.53
Dig. Met + Cys (%) 0.86 0.86 0.86 0.86
Dig. Thr (%) 0.76 0.76 0.76 0.76
Dig. lle (%) 0.77 0.77 0.77 0.77
Dig. Leu (%) 1.41 1.40 1.39 1.38
Dig. Trp (%) 0.23 0.23 0.23 0.23
Dig. Arg (%) 1.24 1.24 1.25 1.25
Dig. His (%) 0.48 0.48 0.47 0.47
Dig. Val (%) 0.89 0.89 0.89 0.89
Crude fat (%) 5.08 5.79 6.51 722
Crude fibre (%) 328 3.56 3.85 4.14
Starch (%) 40.9 39.1 37.3 355
Calcium (%) 0.90 0.90 0.90 0.90
Available phosphorus (%) 0.45 0.45 0.45 0.45
Total phosphorus (%) 0.48 0.49 0.50 0.51
Sodium (%) 0.19 0.19 0.19 0.19
Chloride (%) 0.25 0.25 0.25 0.25
Potassium (%) 0.74 0.76 0.78 0.80
Na + K — CI (meq/kg) 201 206 212 217

AAs per Table 2.
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Table 4. Compositions and calculated nutrient specifications in finisher diets.

No barley Barley at 15% Barley at 22.5% Barley at 30%
Ingredients (%)
Wheat (14% CP, 13.39 M) ME/kg) 713 52.8 435 342
Barley (11% CP, 11.92 MJ ME/kg) - 15.0 225 30.0
Soybean meal 12.7 15.1 16.3 17.6
Canola seeds 5.00 5.00 5.00 5.00
Canola meal expeller 4.00 4.00 4.00 4.00
Meat and bone meal 2.99 2.64 247 2.29
Canola oil 1.94 3.44 4.19 4.94
Lime fine (38% Ca) 0.746 0.790 0.812 0.833
Lysine HCL 0.346 0.295 0.270 0.245
Sodium bicarbonate 0.288 0.239 0.214 0.190
Vitamin and mineral premix* 0.200 0.200 0.200 0.200
DL-methionine 0.178 0.196 0.205 0.214
Salt 0.131 0.154 0.166 0.178
L-Threonine 0.105 0.094 0.089 0.084
Choline chloride 0.050 0.050 0.050 0.050
Phytase 10G 0.013 0.013 0.013 0.013
Xylanase 0.0065 0.0065 0.0065 0.0065
Cost (A$/t) 533.09 526.24 522.82 519.39
Calculated composition
Apparent metabolisable energy (MJ/kg) 13.26 13.26 13.26 13.26
Net energy (M)/kg) 10.56 10.61 10.63 1065
Dry matter (%) 90.5 90.7 90.8 90.8
Crude protein (%) 20.4 20.4 20.3 20.3
Starch/protein ratio 2.11 1.94 1.86 1.77
Dig. Lys (%) 1.02 1.02 1.02 1.02
Dig. Met (%) 0.47 0.48 0.48 0.49
Dig. Met + Cys (%) 0.80 0.80 0.80 0.80
Dig. Thr (%) 0.68 0.68 0.68 0.68
Dig. lle (%) 0.70 0.70 0.70 0.70
Dig. Leu (%) 1.29 1.27 1.26 1.26
Dig. Trp (%) 0.21 0.21 0.21 0.21
Dig. Arg (%) 1.09 1.1l 111 1.12
Dig. His (%) 0.44 0.44 0.43 0.43
Dig. Val (%) 0.81 0.8l 0.81 0.8l
Crude fat (%) 6.10 7.52 8.24 8.95
Crude fibre (%) 342 4.00 4.29 4.57
Starch (%) 43.1 395 377 359
Calcium (%) 0.80 0.80 0.80 0.80
Available phosphorus (%) 0.40 0.40 0.40 0.40
Total phosphorus (%) 0.41 0.43 0.45 0.46
Sodium (%) 0.19 0.19 0.19 0.19
Chloride (%) 0.23 0.23 0.23 0.23
Potassium (%) 0.67 0.71 0.73 0.75
Na + K — CI (meq/kg) 188 199 204 209

AAs per Table 2.
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Table 5. Compositions and calculated nutrient specifications in withdrawal diets.

No barley Barley at 22.5% Barley at 30% Barley at 37.5%
Ingredients (%)
Wheat (14% CP, 13.39 M) ME/kg) 734 45.5 36.2 26.9
Barley (11% CP, 11.92 M] ME/kg) - 225 30.0 375
Soybean meal 11.2 14.9 16.1 17.4
Canola seeds 5.00 5.00 5.00 5.00
Canola meal expeller 4.00 4.00 4.00 4.00
Meat and bone meal 2.30 1.77 1.60 1.42
Canola oil 2.0l 4.27 5.02 5.77
Lime fine (38% Ca) 0.761 0.826 0.848 0.869
Lysine HCL 0.348 0.272 0.247 0.222
Sodium bicarbonate 0.294 0.220 0.195 0.171
Vitamin and mineral premix* 0.200 0.200 0.200 0.200
DL-Methionine 0.154 0.181 0.190 0.200
Salt 0.137 0.172 0.183 0.195
L-Threonine 0.100 0.084 0.079 0.073
Choline chloride 0.050 0.050 0.050 0.050
Phytase 10G 0.013 0.013 0.013 0.013
Xylanase 0.0065 0.0065 0.0065 0.0065
Cost (A$/t) 529.4 519.13 515.7 512.28
Calculated composition
Apparent metabolisable energy (MJ/kg) 13.35 13.35 13.35 13.35
Net energy (M)/kg) 10.64 10.71 10.73 10.76
Dry matter (%) 90.5 90.7 90.8 90.9
Crude protein (%) 19.7 19.6 19.6 19.5
Starch/protein ratio 2.25 1.99 1.90 1.81
Dig. Lys (%) 0.98 0.98 0.98 0.98
Dig. Met (%) 0.43 0.45 0.46 0.46
Dig. Met + Cys (%) 0.77 0.77 0.77 0.77
Dig. Thr (%) 0.65 0.65 0.65 0.65
Dig. lle (%) 0.67 0.67 0.67 0.67
Dig. Leu (%) 1.24 1.22 1.21 1.21
Dig. Trp (%) 0.21 0.21 0.21 0.21
Dig. Arg (%) 1.04 1.06 1.06 1.07
Dig. His (%) 0.43 0.42 0.42 0.41
Dig. Val (%) 0.78 0.78 0.78 0.78
Crude fat (%) 6.13 8.26 8.98 9.69
Crude fibre (%) 3.39 4.26 4.54 4.83
Starch (%) 444 39.0 37.2 354
Calcium (%) 0.75 0.75 0.75 0.75
Available phosphorus (%) 0.38 0.38 0.38 0.38
Total phosphorus (%) 0.38 0.41 0.42 0.44
Sodium (%) 0.19 0.19 0.19 0.19
Chloride (%) 0.23 0.23 0.23 0.23
Potassium (%) 0.64 0.70 0.73 0.75
Na + K — CI (meq/kg) 181 197 203 208

AAs per Table 2.
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(a) Severe woody breast fillet (p) Normalfillet

Prominent caudal
ridge

B-glucanase and the medium barley diet with p-glucanase
($0.734 vs $0.689, 6.4% lower).

The introduction of barley to the diets negatively affected
the pellet quality index (Table 11). Barley inclusion at low
levels significantly reduced grower diet PDI by almost 30%
(84.7 vs 65.5), which further dropped by 10 and 15 units at
medium and high barley inclusion, respectively (P <
0.001). The PDI values in finisher diets dropped from 81.5
to 50.5 at low barley inclusion, and to ~34 at medium and
high barley inclusion (P < 0.001). Similarly, introduction of
barley at the low level in withdrawal diets reduced PDI by
>113% (83.4 vs 39.0), and at medium and high inclusion
levels, dropped the PDI by almost 150% compared with the
control (P < 0.001).

As expected, the barley used in this study had less starch
(47.1%) than wheat (54.6%) and lower AME (11.92 vs
13.39 MJ/kg, NIR predictions). Thus, increasing barley
inclusion decreased ST/CP ratio, and increased the
calculated NE of the corresponding diets due to higher
supplemental oil. FCR values, except for the starter period,
were positively (P < 0.05) correlated with ST/CP ratios.
There were also negative (P < 0.05) correlations between
FCR values and dietary NE in grower, finisher and the
entire production (Days 1-42) period (Table 12).

999¢

Fig. 2. Modified visual scoring scale for white striping in breast fillets:
0 = normal, | = moderate, 2 = severe, and 3 = extreme. Normal, no
distinct white lines; moderate, small white lines, generally <I mm thick,
but apparent on the fillet surface; severe, large white lines (1-2 mm
thick) very visible on the fillet surface; extreme, thick white bands
(>2 mm thickness) covering almost entire surface of the fillet.
Adapted from Kuttappan et al. (2016).

Fig. 1. Comparison of (a) severe woody
breast and (b) normal fillets. Each fillet has a
200 g weight resting on the cranial portion of
the fillet. The severe woody breast shows no
visual signs of compression, whereas the
weight on the normal fillet compresses the
surface of the fillet. The breast fillets were
given a score of 0 = normal, no woody
breast; or | = moderate, 2 = severe, and
3 = extreme woody breast conditions.
Adapted from Kuttappan et al. (2016).

Carcass yield, digesta viscosity and water content

Barley inclusion at medium levels significantly (P < 0.01)
increased breast major muscle yield and tended (P = 0.099)
to increase breast tender yield. Leg quarter and fat pad
percentages were not affected by barley inclusion or
B-glucanase addition (P > 0.05). The woody breast and
white striping scores (Table 13) suggest that the differences
in grain source (barley vs wheat), ST/CP ratio and growth
rate were not associated with the occurrence and severity
of these modern myopathies (P > 0.05).

Barley, regardless of inclusion rate, increased (P < 0.05)
distal ileal digesta water content by ~8-10% compared
with no-barley diets. p-Glucanase supplementation non-
significantly (P = 0.146) decreased digesta water content
by ~4%. There was no effect of barley and f-glucanase
alone or as an interaction on digesta viscosity measured at
the duodenum.

Discussion

Barley inclusion at the highest levels without B-glucanase
supplementation in the starter (15%) and grower (22.5%)
phases suppressed BWG compared with the wheat-based
control diet. However, birds were able to restore their
growth performance later, and considering the entire
production period, birds fed the barley diets, regardless of
f-glucanase addition, had superior performance to the
control birds. Similarly, Perera et al. (2019b) did not detect
an interaction of an exogenous carbohydrase that had
B-glucanase activity with barley inclusion level in broiler
chicken diets with respect to productive traits. Based on
performance results, the authors suggested an optimum
inclusion of 28.3% barley in wheat-based diets. In another
study, hulless barley at 30% inclusion did not compromise
BWG and FCR, regardless of p-glucanase supplementation
(Karunaratne et al. 2021). However, when barley inclusion
level increased to 60%, it impaired productive traits, without
any positive response to -glucanase supplementation.

The introduction of barley changed the dynamic of the
formulations. Barley contains less starch than wheat; hence,
the inclusion of barley reduced dietary starch concentration
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Table 6. Broiler growth performance over the starter period (Days 1-9).

Treatment BW (g/bird) BWG (g/bird) FI (g/bird) FCR (g/g)
Barley (%) p-glucanase Day | Day 9 Days 1-9 Days 1-9 Days 1-9
0 No 40.4 257a 2l6a 235 1.087b
0 Yes 40.1 260a 220a 235 1.067b
7.5 No 40.2 257a 217a 233 1.077b
7.5 Yes 40.1 258a 218a 231 1.062b
15 No 40.0 237b 197b 224 1.145a
15 Yes 40.2 257a 217a 230 1.05%b
s.e.m. 0.369 3.03 291 2.65 0.013
Main effects
Barley (%)
0 40.2 258a 218 235a 1.077
7.5 40.0 257a 217a 232a 1.069
15 40.2 247b 207b 227b 1.102
s.e.m. 0.261 2.14 2.05 1.88 0.009
B-glucanase
No 40.2 250b 210b 231 1.103a
Yes 40.1 259a 218a 232 1.063b
s.e.m. 0.251 1.77 1.70 1.55 0.008
Source of variation (P-value)
Barley 0.724 0.001 0.007 0.011 0.088
B-glucanase 0.557 0.002 0.001 0.674 0.001
Barley x B-glucanase 0.946 0.031 0.007 0.388 0.033

Each value for each treatment represents the mean of six replicates of 18 birds each.
Within columns for treatment or main effects, means with the same letter are not significantly different (at P = 0.05 for the treatment effects and at the P-level shown for
the main effects).

Table 7. Broiler growth performance over the grower period (Days 9-23).

BW (g/bird) BWG (g/bird) Fl (g/bird) FCR (g/g)
Day 23 Days 9-23 Days 9-23 Days 9-23
Main effects
Barley (%)
0 1228 969 1173 1.211
7.5 1242 984 1162 1.180
15 1242 985 1148 1.166
225 1221 974 1144 1.175
s.e.m. 10.71 9.35 15.13 0.013
B-glucanase
No 1220b 968b 1149 1.188
Yes 1247a 988a 1164 1.178
s.e.m. 7.58 6.61 10.63 0.009
Source of variation (P-value)
Barley 0.424 0.531 0.533 0.081
B-glucanase 0.014 0.032 0.330 0.449
Barley X fp-glucanase 0.374 0.337 0.379 0.471

Each value for each treatment represents the mean of six replicates of 18 birds each.
Within columns, different letters indicate significant difference at the P-level shown for the $-glucanase main effect.
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Table 8. Broiler growth performance over the finisher period (Days 23-35).

BW (g/bird) BWG (g/bird) Fl (g/bird) FCR (g/g)
Day 35 Days 23-35 Days 23-35 Days 23-35
Main effects
Barley (%)
0 2522¢ 1294c 1849 1.429a
15 2555bc 1313bc 1857 1.414ab
225 2600a 1358a 1883 1.387b
30 2563ab 1341ab 1866 1.392b
s.e.m. 18.99 12.77 16.93 0.009
p-glucanase
No 2544 1324 1862 1.407
Yes 2576 1329 1866 1.404
s.em. 13.53 9.03 11.97 0.006
Source of variation (P-value)
Barley 0.049 0.004 0.531 0.010
B-glucanase 0.097 0.701 0.796 0.798
Barley X f-glucanase 0.509 0.583 0.335 0.654

Each value for each treatment represents the mean of six replicates of 18 birds each.
Within columns, means followed by the same letter are not significantly different at the P-level shown for the barley main effect.

Table 9. Broiler growth performance over the withdrawal period (Days 35—42).

BW (g/bird) BWG (g/bird) Fl (g/bird) FCR (g/g)
Day 42 Days 35-42 Days 35-42 Days 35-42
Main effects
Barley (%)
0 3188b 667 1031 1.548
225 3246ab 691 1044 1.512
30 3308a 708 1044 1.477
375 3254a 691 1050 1.528
s.em. 22.94 1112 9.75 0.022
B-glucanase
No 3228 684 1047 1.537
Yes 3271 692 1038 1.496
s.em. 16.22 7.86 6.90 0.015
Source of variation (P-value)
Barley 0.007 0.091 0.558 0.151
B-glucanase 0.070 0.361 0.329 0.071
Barley X f-glucanase 0.533 0.601 0.676 0.748

Each value for each treatment represents the mean of six replicates of 18 birds each.
Means followed by the same letter are not significantly different at the P-level shown for the barley main effect.

but increased oil supplementation in order to formulate  significantly correlated with FCR values, except during the
iso-energetic diets based on AME. This resulted in lower  withdrawal period. Differences in dietary ST/CP ratios
ST/CP ratio and higher calculated NE for the barley diets. = impact on starch-protein digestive dynamics in broiler
Both ST/CP ratio and the NE content of the diets were chickens (Liu and Selle 2017), and a lower ST/CP has been
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Table 10. Broiler growth performance over the entire growth period (Days 1-42) and feed cost per kg final bodyweight.

BWG Fl FCR BW-corrected FCR Feed cost
(g/bird) (g/g) (A$/kg live BW)E
Main effects
Barley inclusion®
Nil 3148b 4287 1.362a 1.363a AUDO0.72%9a
Low 3206ab 4298 1.341b 1.331b AUDO0.709b
Medium 3268a 4308 1.318c 1.295¢ AUDO0.692c
High 3214a 4288 1.335bc 1.323b AUDO0.696c
s.em. 2281 31.90 0.006 0.008 0.003
p-glucanase
No 3188 4290 1.346a 1.340a AUDO0.709
Yes 3231 4300 1.331b 1.316b AUDO0.704
s.e.m. 16.13 22.56 0.004 0.006 0.0024
Source of variation (P-value)
Barley 0.007 0.963 0.004 <0.001 <0.001
p-glucanase 0.067 0.752 0.028 0.012 0.161
Barley x fB-glucanase 0.521 0313 0.860 0.970 0.874

Each value for each treatment represents the mean of six replicates of 18 birds each.
Within columns, means followed by the same letter are not significantly different at the P-level shown for the main effects.
ANlil, no barley; low: 0%, 7.5%, 15% and 22.5%; medium: 7.5%, 15%, 22.5% and 30%; high: 15%, 22.5%, 30% and 37.5% barley inclusion in starter, grower, finisher and

withdrawal diets, respectively.

BCost analysis based on barley being cheaper than wheat by $80/t, and p-glucanase supplementation costing an extra $ |.45/t finished feed because straight xylanase cost

$1.95/t and xylanase + f-glucanase $3.4/t.

Table I1. Pellet quality index of diets determined in triplicate for
each phase.
Barley inclusion® Grower Finisher Withdrawal
Nil 84.7a 8l.5a 83.4a
Low 65.5b 50.5b 3%
Medium 55.4c 35.4c 33.4c
High 40.4d 33.8¢ 32.1c
s.e.m. 1.136 0.810 0.730
P-value <0.001 <0.001 <0.001

Within columns, means followed by the same letter are not significantly different
at P = 0.05.

ANlil, no barley; low: 0%, 7.5%, 15% and 22.5%; medium: 7.5%, 15%, 22.5% and
30%; high: 15%, 22.5%, 30% and 37.5% barley inclusion in starter, grower,
finisher, and withdrawal diets, respectively.

shown to benefit FCR through greater intestinal uptake of
amino acids relative to glucose (Selle and Liu 2019).
Dietary fat has a lower heat increment and higher NE/AME
ratio than protein and carbohydrates (starch), resulting in
improved energy utilisation and muscle protein accretion
(Wu et al. 2019). Thus, the higher calculated NE of the
barley diets could also, to some extent, account for the
superior performance of birds offered the barley diets.
Furthermore, excess dietary energy or an imbalanced ratio

656

of protein to energy enhances the portion of energy
retained as fat, which is illustrated as higher fat-pad yield
(Musigwa et al. 2021). The dietary treatments fed in this
study, despite having different ST/CP ratios and NE
content, did not affect the relative abdominal fat-pad
measured on Day 42, implying that the barley AME used in
the formulations was not underestimated.

The wheat used in this study was a high protein wheat
(14.2% CP), and replacing that wheat with barley (11.3%
CP) increased the soybean meal inclusion in the diets,
resulting in more CP being supplied from soybean meal in
barley diets. All diets within each phase were formulated to
be iso-nitrogenous and balanced for the main essential
amino acids (Lys, Met + Cys, Thr, Ile, His, Arg and Val).
Nonetheless, on a dry matter basis, soybean protein has a
better balance of non-essential amino acids than grain
protein (Gorissen et al. 2018), and as such, the differences
in soybean meal inclusion level and contribution into the
diet’s protein pool could partly explain the better
productive traits of birds fed the barley diets.

Overall, birds fed the diets with medium levels of barley
(7.5%, 15%, 22.5% and 30% in starter, grower, finisher
and withdrawal diets, respectively) gained the most
BW and recorded the lowest FCR, and, independent of
age, appeared to be less responsive to [-glucanase
supplementation. Similarly, measurements of intestinal
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Table 12.
f-glucanase at each growing phase.

Pearson correlation analysis between FCR and starch/protein ratios (ST/CP, analysed) and net energy (calculated) of the diets without

FCR at: FCR-ST/CP FCR-net energy
Correlation Significance Correlation Significance
Days 1-9 -0.42 0.042 0.41 0.044
Days 9-23 0.44 0.029 —0.44 0.028
Days 23-35 0.50 0.011 —0.51 0.016
Days 3542 0.10 0.623 —-0.10 0.658
Days 1-42 0.50 0.012 —-0.50 0.012
Table 13. Carcass yield (including pectoral (P) major and minor muscle), woody breast (VWWB) and white striping (WS) scores, distal ileal water
(DIW) content and duodenal digesta viscosity determined on Day 42.
Carcass yield (g/100 g live BW) Breast score DIW (%) Duodenal
P major P minor Leg quarter Fat pad WB WS viscosity (cPs)
Main effects
Barley inclusion®
Nil 16.9b 335 21.5 1.15 0.958 0.667 58.5b 1.6l
Low 17.3b 3.39 21.4 1.19 0.875 0.646 63.02 1.59
Medium 18.1a 3.50 21.3 1.20 1.104 0.771 62.2a 1.57
High 17.5ab 345 21.2 1.18 0.938 0.521 63.4a 1.60
s.e.m. 0.226 0.045 0.17 0.042 0.177 0.145 1.1 0.050
p-glucanase
No 17.4 3.40 21.3 .16 0.885 0.708 62.6 1.62
Yes 17.5 3.44 21.3 1.19 1.052 0.594 60.9 1.58
s.em. 0.16 0.032 0.12 0.030 0.125 0.102 0.782 0.035
Source of variation (P-value)
Barley 0.004 0.099 0.575 0.876 0.824 0.683 0.011 0.951
pB-glucanase 0.777 0.399 0.788 0.468 0.351 0.433 0.146 0418
Barley X f-glucanase 0.300 0.787 0.811 0.427 0.781 0.933 0.846 0.739

Each value for each treatment represents the mean of four birds per replicate, and six replicates per treatment.
Within columns, means followed by the same letter are not significantly different at the P-level shown for the barley main effect.
ANlil, no barley; low: 0%, 7.5%, 15% and 22.5%; medium: 7.5%, 15%, 22.5% and 30%; high: 15%, 22.5%, 30% and 37.5% barley inclusion in starter, grower, finisher and

withdrawal diets, respectively.

viscosity and rate of passage of digesta through the gut
suggest that birds offered diets containing barley but without
exogenous enzymes adapt to p-glucans, most probably
through colonisation of -glucanase-producing bacteria or by
a physiological change in the secretions or in the anatomy of
the gut (Salih et al. 1991). This may indicate the importance of
conditioning the gut and exposing intestinal microbiota
(priming microbiota) to any dietary changes at a young age.

The analysed in vitro viscosity of the barley used in this
study was nearly 2.5 times higher than that of the wheat
(24.75 vs 10.50 cPs). The viscosity values measured and
reported for Australian barley (2019-20 harvest) are
quite variable, ranging from as low as 10 to >700 cPs
(S. Wilkinson, Feedworks internal report, unpubl. data, 2020).
There are many factors that could contribute to this high

degree of variability, such as barley cultivar, storge time
since harvest, p-glucans, pectin, cellulose and hemicellulose
content and their solubility (Fuente et al. 1998; Perera et al.
2019a, 2019b). Viscous digesta reduce the rate of diffusion
and distribution of feed substrates in the gut, alter intestinal
microbiota populations, and as such hamper digestive enzyme
activity, thereby decreasing the absorption of nutrients
(Bedford 1995). Hence, increased digesta viscosity in high
barley diets has long been identified as the main antinu-
tritive effect of barley for broiler chicks. In this regard,
previous studies have shown that a multi-carbohydrase
and/or p-glucanase supplementation of high barley diets
decreases the viscosity of digesta (Perera et al. 2019aq,
2019b; Karunaratne et al. 2021). However, in the present
study, digesta viscosity was not affected by barley presence,
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B-glucanase supplementation, or two-way interactions of
barley and the enzyme. Such results could be because of the
low viscosity of the barley used in this study, and the age
(Day 42) at which viscosity was measured. Strong
correlations between in vitro dietary viscosity and in vivo
proximal and distal jejunal intestinal viscosity were reported
by Bedford and Classen (1993), indicating that the in vitro
viscosity assay is reliable for predicting the in vivo viscosity.
Similarly, Ayres et al. (2019) showed that both dietary in
vitro viscosity and in vivo intestinal viscosity can correlate
to broiler performance at a young age (up to Day 21). Philip
et al. (1995) reported that the intestinal viscosity of birds
fed a barley-based diet decreases with age, either because
the birds adapt to the presence of p-glucans and p-glucanase
in the diet or because the bigger size of the birds negates
the adverse effects observed among young birds. As also
evident from both the performance and digesta viscosity
results in the present study, it appears that the nutritive
value of barley increases with the bird’s age, and
performance improvements in response to f-glucanase are
less pronounced in adult birds (Salih et al. 1991).

As barley inclusion in the diets increased, the PDI
decreased to the extent that barley at its highest level in
finisher (30%) and withdrawal (37.5%) diets reduced PDIs
by nearly 150% compared with no-barley control diets. The
higher supplemental oil in barley diets, the fibrous nature
of barley grains and its lower starch content should have
resulted in less durable pellets (Muramatsu et al. 2015).
Pellet quality influences broiler performance and
behaviour, so that higher PDI improves feed consumption
(Meinerz et al. 2001) and increases the bird's resting time,
which lowers energy expenditure for maintenance and
increases the availability of NE for production (McKinney
and Teeter 2004). In fact, 10% improvement in PDI
represents ~14 kcal (~58.6 kJ) of effective caloric value in
the feed. However, the low PDI values determined for
barley diets in this study did not affect productive traits,
because there was no correlation between PDI and feed
intake, which suggests the reduction of PDI did not
confound the growth performance response to barley
inclusion in broiler diets.

Globally, the meat chicken industry is facing emerging
quality issues with breast meat, including white striping
(white striations parallel to muscle fibres) and woody
breast (hardness of raw fillet) (Tijare et al 2016).
Although both white striping and woody breast have been
characterised with myodegeneration and necrosis, fibrosis,
lipidosis and regenerative changes, the occurrence of these
modern myopathies has been associated with increased
growth rate in birds (Kuttappan et al. 2016). The severity of
white striping and woody breast can adversely affect
consumer acceptance of raw cut-up parts and/or quality of
further processed meat products, resulting in huge
economic loss to the industry. Despite the higher growth
rate and the superior FCR of birds fed barley diets, the
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results of carcass yield, white striping and woody breast
scores obtained in here suggest that differences in diet
grain source, dietary ST/CP ratio and NE do not impact on
breast meat yield and myopathies.

Conclusions

The results obtained in the present study indicate that
application of an incremental program is an effective
approach to optimise barley inclusion in broiler chickens’
diets, especially when diets are formulated to similar
digestible amino acids and metabolisable energy. A low-
viscous barley can be included up to 7.5% in broiler
chickens’ starter diets without compromising growth
performance. At higher inclusion levels (15%) in the starter
period, diets should be supplemented with p-glucanase in
addition to xylanase to mitigate the performance loss
(lower BW and higher FCR). Increasing barley levels to
22.5% in grower diets can slightly decrease growth rate but
has no effect on feed efficiency. Stepping up barley levels to
30% in finisher and 37.5% in withdrawal diets did not
compromise growth performance, and such high levels
could improve both BWG and FCR. Post starter period,
there was no statistically significant interaction of barley
inclusion level and p-glucanase supplementation, and the
enzyme, independent of barley level, improved feed
efficiency and favoured gain in BW.

High barley inclusion increased digesta water content by
~8-10%, which can lead to high litter moisture and, under
commercial high-density rearing conditions, may cause wet
litter issues if the extra moisture is not removed by
increased ventilation. B-Glucanase supplementation of high
barley diets reduced ~30-40% of this increased moisture.

The price difference between wheat and barley, on a
similar protein basis, and the source and cost of
supplemental fat in the diet are the major factors
determining the economics of barley usage and inclusion
levels in broiler chickens' diets.
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