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ABSTRACT Various milling methods result in differ-
ent particle size distributions and, in combination with
mash and thermal treatment (expandate) of the feed,
may have an impact on nutrient digestibility, pH of the
digesta and subsequently the performance of an animal.
Since this aspect has not been widely considered in lay-
ing hens, the objective of the present study was to inves-
tigate the effects of milling method, expansion, and par-
ticle size of feed on performance, apparent ileal nutrient
digestibility, and pH of digesta in laying hens. Twelve
variants of the same diet were produced. Four different
milling techniques (hammer mill, roller mill, disc mill,
and wedge-shaped disc mill) were used to grind the feed
cereals. Coarse feed was obtained from all four mills.
Additionally, fine feed was obtained from the hammer
mill and the roller mill. Each of the six feed variants
was offered as mash or expandate, resulting in a total of

12 treatments. The duration of the experimental period
was 21 days. A total of 576 layers, each 19 weeks of age,
were used in eight replicates. The statistical analysis for
the four milling methods and two thermal treatments
was performed using a 4 x 2 factorial arrangement. The
effect of particle size was investigated using a 2 x 2 x 2
factorial arrangement including the coarse and fine par-
ticle sizes that were produced with the hammer mill and
the roller mill as well as the mash and expandate. The
animal performance and the pH of the digesta were not
affected by the treatments. Ileal digestibility of starch
was significantly improved by feeding mash compared
to expandate (P = 0.013) and by feeding coarse com-
pared to fine feed (P = 0.028). Based on this study, the
tested milling methods can be used for the production
of feed for laying hens without affecting performance
and digestibility of nutrients.
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INTRODUCTION

Producing feed is energy consuming, and grinding
technology can have a substantial impact on electric
power consumption. In order to reduce the amount
of energy needed for feed production, energy saving
milling methods have been developed (Hoffmann et al.,
2011). Milling technology affects feed particle size and
feed particle shape. In order to ensure optimized nutri-
tion of poultry, it is considered important to provide a
balanced intake of structured feed (Yegani and Korver,
2008), as this can have an impact on animal health and
performance (Amerah et al., 2009; Betscher et al., 2010;
Grosse Liesner et al., 2009; VanKrimpen et al., 2008).
Broiler and layer chickens discriminate their feed intake
by the size, color, and form of the feed. Larger feed
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particles are preferred and more rapidly ingested (Am-
erah et al., 2007; Nir et al., 1994; Yasar, 2003). Feed
with high fractions of small particle sizes (<500 pm)
result in decreased feed intake, increased feed selection,
dust pollution, and feed wastage, and may result in mal-
nutrition of animals (Safaa et al., 2009).

The impact of feed particle size on the nutrient di-
gestibility of laying hens has not been widely stud-
ied. Hamilton and Proudfoot (1994) and Safaa et al.
(2009) investigated the effect of particle size on perfor-
mance parameters and egg quality. The only effect that
could be detected was an increased feed intake in hens
that were fed larger feed particles. In contrast to laying
hens, specific particle sizes are recommended for broil-
ers (Denstadli et al., 2010; Nir et al., 1994). It has been
proposed that at least 20% of the cereal particles should
be larger than 1.5 to 2.0 mm (Svihus, 2011). Thermal
treatments are commonly used in broiler feed produc-
tion in order to increase the hygienic status of the feed,
and to increase the apparent ileal nutrient digestibility
(Jia and Slominski, 2010; Kilburn and Edwards, 2001).
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Since pelleting or expanding prevents a separation of
ingredients in the diets, optimised feed intake of a bal-
anced diet can be maintained compared to mash feed
(Amerah et al., 2008). An improved feed conversion and
body weight can be expected when broiler chickens are
given pelleted diets (Hamilton and Proudfoot, 1995).

However, when comparing feed processed by various
heat treatments including pelleting, expansion, and ex-
trusion for broiler chickens, all hydro-thermal process-
ing increased total apparent starch digestibility, but due
to reduced feed intake of the expanded and in par-
ticular of the extruded diets, only pelleting improved
growth rate and feed utilization (Lundblad et al., 2011).
The reduced bulk density of expanded and extruded
feed was held responsible for these effects. Addition-
ally, compared to expanded feed, extruded feed had the
highest extract viscosity, while starch gelatinization was
improved (Lundblad et al., 2011).

Due to the more mature digestive system of lay-
ing hens, transferring data obtained from studies in
broiler chickens to laying hens seems questionable. Ad-
ditionally, to our knowledge, the effects of combinations
of milling methods (disc and wedge-shaped mills) and
thermal treatments (such as expanding) on layer per-
formance, ileal digestibility and pH of the digesta has
not been studied in laying hens. The effect of feed man-
ufacturing may be beneficial for nutrient utilization in
young laying hens and subsequently impact laying per-
formance.

Therefore, the aim of this study was to investigate the
impact of four different milling methods, expansion and
particle size on performance, apparent ileal digestibility,
and pH of the digesta in laying hens.

MATERIALS AND METHODS

Animal experiments were conducted in accordance
with the Animal Welfare Act of Germany approved by
the local state office of occupational health and tech-
nical safety (Landesamt fiir Gesundheit und Soziales,
LaGeSo, no. G 0117/11).

Experimental Diets

One identical basal experimental diet was produced
(Table 1). Four milling methods, including a roller mill
with one pair of rollers (Vario-Walzenstuhl Modell C,
MIAG AG, Biihler GmbH, Braunschweig, Germany),
a hammer mill (horizontal rotor hammer mill, Tiet-
jen, Hemdingen, Germany), a disc mill (SK 5000, SKI-
OLD A/S, Saeby, Denmark), and a wedge-shaped disc
mill (ATB Potsdam, Leibnitz Institut fir Agrartechnik,
Potsdam, Germany, PTW Technologies GmbH, Lollar,
Germany) were used to grind the cereals of the diet.
Defined particle sizes were achieved by using various
milling speeds and matrix plates when grinding the feed
components. Based on the literature and technical ca-
pabilities, coarse feed was defined as feed characterized

Table 1. Feed composition and nutrient content of the
basal experimental diet.

Ingredients g/kg as fed
Corn 300.8
Wheat 290.6
Soybean meal (42% CP') 224.8
Calcium carbonate 86.0
Soya oil 44.6
Molasses 30.0
Mineral /Vitamin premix? 12.0
Monocalcium phosphate 7.8
Salt 2.0
DL-Methionine 1.0
L-Tryptophan 0.2
Titanium dioxide 0.2

Nutrient content g/kg dry matter as analyzed
Dry matter 881.9
Crude protein 185.8
Ether extract 59.7
Crude fiber 32.7
Starch 418.5
Crude ash 110.6
Calcium 35.7
Phosphorus 3.54
Sodium 1.2
Calculated ME? (MJ/kg) 114

LCP crude protein.
’ME metabolizable energy.

3Mineral and Vitamin Premix (Spezialfutter Neuruppin,
Germany) containing per kg premix: 400,000 IU vitamin A;
40,000 IU vitamin D3; 8000 mg vitamin E (alpha-tocopherole
acetate); 300 mg vitamin K3; 250 mg vitamin B1; 250 mg vi-
tamin B2; 2500 mg nicotinic acid; 400 mg vitamin B6; 2000 pg
vitamin B12; 25,000 pg biotin; 1000 mg calcium pantothenate;
100 mg folic acid; 80,000 mg choline chloride; 5000 mg zinc
(zinc oxide); 2000 mg iron (iron carbonate); 6000 mg man-
ganese (manganese oxide); 1200 mg copper (copper sulfate-
pentahydrate); 45 mg iodine (calcium iodate); 30 mg cobalt
(cobalt- (II)-sulfate-heptahydrate); 35 mg selenium (sodium
selenite); 35 g sodium (sodium chloride); 55 g magnesium
(magnesium oxide).

by discrete mean particle size (AMEAN) above
1.8 mm, while fine diets were characterized by AMEAN
below 1.8 mm based on dry sieving analysis (Table 2)
(Wolf et al., 2012). Coarse diets were produced by all
four milling methods, while fine diets were produced by
the roller mill and the hammer mill only. After grind-
ing the main cereals, all components of the final diet
were mixed (Zweiwellenpaddelmischer, Dinnissen BV,
Sevenum, The Netherlands) and half of the respective
amounts were processed as expandate to be provided to
the hens (Single Screw Expander OE8, Amandus Kahl
GmbH & Co KG, Reinbek, Germany). The expansion
temperature was 115 to 117°C for less than 3 seconds
at 2 bar steam saturation.

Animals and Housing

Five hundred and sixty-seven hens (Lohmann brown)
were obtained from a commercial pullet-rearing farm
at the age of 19 weeks. Prior to this study, the pullets
were fed mash feed produced with a hammer mill. Af-
ter arrival, hens were adapted to the experimental diet
for one week. Cages were equipped with wood shaving
litter, an area for claw abrasion, a perch, and laying
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Table 2. Discrete mean particle size (IMEAN) after dry and wet sieving analysis of the twelve experimental diets.

Roller mill

Hammer mill Disc mill ‘Wedge-shaped disc mill

Coarse particles Fine particles

Coarse particles

Fine particles Coarse particles Coarse particles

Mash  Expandate  Mash  Expandate = Mash

Expandate ~ Mash

Expandate ~ Mash  Expandate = Mash Expandate

AMEAN! after dry 1.93 2.43 1.28 1.27 2.41
sieving analysis
AMEAN? after wet 1.85 0.85 1.15 0.31 2.60
sieving analysis

2.15 1.64 1.30 2.12 2.80 2.15 2.66

0.93 1.27 0.50 1.45 0.82 1.26 0.68

'dMEAN = discrete mean particle size.

nests. For the duration of the 21-day experimental pe-
riod, the animals were fed ad libitum with one of the
twelve diets, meeting the recommendations for laying
hens (GfE, 1999). The hens were killed at 23 weeks of
age by cervical dislocation followed by exsanguination.

The experiment was performed in eight replicates, us-
ing 8 cages per treatment. Each cage with six hens was
considered as an experimental unit. In total 96 cages
with six hens per cage were used.

Sampling and Analysis

Performance parameters The health status of the
hens was monitored daily. The body weight of the indi-
vidual hens was recorded at the beginning of the exper-
iment, weekly, and on the day of slaughter. Feed intake
was recorded weekly and on the day of slaughter. The
eggs from each group were counted and the individual
egg weight was determined daily. Feed conversion ratio
(FCR) was calculated as follows:

Feed intake per hen per week

Pharmacia Biotech, Amersham, UK) after hydrolysis of
0.5 g dried digesta in 25 ml 6 M HCI at 110°C for
24 hours. After cooling on ice, 20 ml of 8 M NaOH
was added and the pH adjusted to 2.2. For sulphur-
containing amino acids, 30% Hs0, and 88% formic acid
was incubated for 1 hour at 30°C, cooled, and 5 ml of
that solution added to the 0.5 g sample. Afterwards, the
samples were transferred into an ice bath for 24 hours
and oxidation was stopped by adding 0.9 g sodium
disulfide. Immediately before chromatography, all sam-
ples were filtered through a cellulose-acetate membrane
(25 mm syringe filter with 0.45 pum cellulose acetate
membrane, VWR, International, Radnor PA).

pH measurements Five birds from each pen were
used for digesta pH measurements. Immediately after
sampling, the pH of the digesta obtained from the fol-
lowing sections was measured including crop, proven-
triculus, gizzard, duodenum, jejunum, ileum, caecum,
and excreta. For statistical analysis, the mean values
per pen were used.

((egg weight x laying performance) /100 + weight gain per hen per week)

After 21 days, weekly data were averaged per pen for
statistical analysis.

Apparent ileal nutrient digestibility Three hens
per cage were used for collecting digesta in order to an-
alyze the apparent ileal nutrient digestibility. The in-
testinal content of the distal two-thirds of the ileum
(not including the content localized in the distal 3 cm
prior to the ileocaecal junction) was sampled (Kluth
et al., 2005; Revazvani et al., 2007). The digesta sam-
ples were pooled and freeze-dried for further analysis.
One pooled sample of each replicate was used for sta-
tistical analysis, resulting in eight samples for each of
the twelve groups. Weende analysis was performed to
determine dry matter (DM), crude protein (CP) and
ether extract (EE) (Naumann and Bassler, 2004). Ti-
tanium dioxide (0.2%) was implemented as an indi-
gestible marker and determined as previously described
(Short et al., 1996). Starch was determined using a
standard procedure (Naumann and Bassler, 2004). A
commercially available enzymatic test was used to de-
termine starch content (Stdrke UV-Test, R-Biopharm,
Darmstadt, Germany). Amino acids were analyzed us-
ing a Biochrom 20 Amino Acid Analyzer (Amersham

Data Analysis

The experimental unit was defined as one pen. The
effects of the four milling methods (considering only
coarse feed particles) and the thermal treatment (mash
vs. expandate) of feed were investigated using a 4 x 2
factorial arrangement. The effect of the particle size was
investigated using a 2 x 2 x 2 factorial arrangement
which included coarse and fine particles produced by
the roller and the hammer mill and fed as mash or ex-
pandate. For all statistical analyses, IBM SPSS Statis-
tics Version 21 was used (IBM, Chicago, IL, USA). Sta-
tistically significant differences were set at P < 0.05.

RESULTS

Wet sieving analysis of the feed revealed a strong im-
pact of expanding on particle size; expanded feed had
lower dAMEAN values compared to the mash feed pro-
duced under the same milling conditions (Table 2). Ex-
panded feed also had higher viscosity compared to mash
feed.
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Table 3. Performance of the laying hens during the last week (day 15 to 21) of the experimental period in respect to milling

method (M), thermal treatment (T), and particle size (P).

Milling method! Thermal treatment P-value

Roller mill ~ Hammer mill  Disc mill ~ Wedge-shaped disc mill ~Mash  Expandate M2 T MXT
Body weight at day 21(g) 1709 1703 1693 1680 1696 1696 0.592  0.988 0.250
Feed intake (g) 116 115 110 118 114 115 0.298  0.781 0.281
Weight gain per week (g) 40.1 32.7 21.4 16.7 29.1 26.4 0.112  0.718 0.832
Egg weight (g) 54.1 54.4 55.2 54.5 54.7 54.8 0.482 0.872 0.528
Laying performance (%) 89.1 91.7 89.5 92.2 90.6 90.7 0.561  0.946 0.882
FCR* 2.19 2.10 2.10 2.24 2.14 2.18 0.260  0.515 0.859

! Analysis of the effect of the milling method included only the coarsely ground feed particles of roller mill and hammer mill.

’M = milling method.
3T = thermal treatment.
1FCR = feed conversion ratio.

Table 4. Analysis of the effect of coarse and fine particle size (P) depending on milling method (M; roller and hammer mill only)
and thermal treatment (T) on the performance of the laying hens during the last week (day 15-21) of the experimental period.

Milling method

Thermal treatment Particle size!

P-value

Roller mill Hammer mill Mash

Expandate Coarse Fine M?  T? p!

MXT MXP PXT MXTXP

Body weight at day 21(g) 1715 1705 1711 1710
Feed intake (g) 117 115 115 116
Weigh gain per week (g) 42.7 34.3 41.5 35.5
Egg weight (g) 54.5 54.6 54.4 54.6
Laying performance (%) 90.0 92.4 92.2 90.2
FCR® 2.13 2.10 2.06 2.17

1706 1715 0.523 0.942 0.575 0.083  0.789  0.359 0.475
116 116 0.572 0.624 0.913 0.318 0.871 0.191 0.912
36.4 40.6 0.240 0.401 0.561 0.968 0.884 0.479 0.292
54.5 54.6 0.884 0.718 0.895 0.662  0.155 0.179 0.687
90.4 92.0 0.210 0.266 0.401 0.770 0.868 0.343 0.992
2.14  2.09 0.598 0.068 0.314 0.290 0.276  0.558 0.290

Effect of the variation of fine and coarse particle size (P) of feed produced by roller mill (cleft size 0.75 and 1.0 mm for fine particles or 2.0 mm
and 3.25 mm for coarse particles for wheat and maize), and hammer mill (sieve size 5 and 6 mm for fine particles or no sieve for coarse particles for

wheat and maize).
2M = milling method.
3T = thermal treatment.
4P = particle size.
’FCR = feed conversion ratio.

After feeding the experimental diets for 21 days,
neither body weight, nor feed intake, weight gain,
egg weight, laying performance or feed conversion
ratio was affected by the milling method, heat
treatment, or particle size. Results are displayed in
Tables 3 and 4.

Tleal digestibility of starch was significantly increased
in hens fed with mash compared to expandate (97.3%
vs. 95.9%, respectively; P = 0.013). In addition, ileal
starch digestibility was significantly increased in hens
that consumed feed with coarse particles compared to
finely ground feed (96.9% vs. 95.7%, respectively; P
= 0.028). Interaction between particle size and ther-
mal treatment could be observed for starch digestibil-
ity (mean values of hens fed with fine particles of ex-
pandate was 94.5% compared to mean values of 97.0%
for hens fed with coarse mash). Apart from that, nei-
ther the milling method, nor the heat treatment or the
particle size had any effect on ileal nutrient digestibility
(Table 5 and 6).

The effect of experimental treatments on pH mea-
surements of the digesta obtained from the hens is
shown in Tables 7 and 8. Neither milling method nor
heat treatment or particle size had an effect on the pH
of the digesta (Tables 7 and 8). Interactions of particle
size and thermal treatment could be observed in pH of
gizzard content, ileum content, and excreta.

DISCUSSION

Feed Intake and Performance

The present study shows that the various diets pro-
duced by different milling methods, thermal treat-
ments, and particle sizes had no effect on the perfor-
mance of young laying hens. Long-term studies by other
investigators found a significantly positive impact of
mashed diets compared to crumbled or pelleted diets on
laying performance (Hamilton and Proudfoot, 1994). In
addition, one study observed that feed intake was in-
creased with larger particle size (Safaa et al., 2009). In
feed for broilers, thermal treatment such as pelleting
is applied frequently. The pellet structure provides a
higher bulk density compared to mash feed and broil-
ers fed pellets are known to consume more feed result-
ing in an increased body weight (Svihus and Hetland,
2001). In laying hens, increased energy intake with pel-
leted feed resulted in enhanced consumption and higher
body weight gain (Safaa et al., 2009).

Apparent lleal Nutrient Digestibility

Improved apparent ileal digestibility of starch was
found when birds were fed coarse particle size and
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Table 5. Apparent ileal nutrient digestibility (%) with respect to milling method (M), thermal treatment (T), and

particle size (P) in the laying hens.

Milling method! Thermal treatment P-value

Roller mill  Hammer mill  Disc mill ~Wedge-shaped disc mill ~Mash  Expandate  M? T3 MXT
Ether Extract 94.1 92.8 94.6 97.3 93.7 95.7 0.102  0.109 0.447
Starch 96.7 97.1 95.9 96.8 97.3 95.9 0.377  0.013 0.205
Crude Protein 69.3 68.1 72.9 70.6 70.1 70.4 0.113  0.842 0.881
Alanine 65.2 66.0 71.2 68.3 68.4 67.0 0.377  0.599 0.643
Arginine 78.9 80.2 80.1 80.2 80.0 79.7 0.962  0.912 0.495
Aspartic acid 65.8 66.8 68.3 67.1 67.0 67.0 0.943  0.999 0.427
Cysteine 58.1 57.3 58.9 60.3 58.1 59.2 0.936  0.772 0.815
Glutamic acid 78.2 77.9 79.4 78.8 79.1 78.0 0.904  0.488 0.600
Glycine 54.5 55.0 60.1 55.4 55.6 56.9 0.561  0.670 0.471
Histidine 62.5 62.5 65.0 65.4 63.5 64.3 0.832  0.788 0.710
Isoleucine 68.4 70.9 72.6 71.8 70.7 71.1 0.800  0.901 0.262
Leucine 72.9 74.1 76.4 74.3 74.8 74.0 0.713  0.707 0.553
Lysine 67.7 69.7 74.1 72.3 70.7 71.3 0.281  0.804 0.538
Methionine 80.5 80.7 79.8 82.5 81.4 80.4 0.791  0.619 0.716
Phenylalanine 41.9 44.6 48.9 46.6 44.9 46.1 0.750  0.782 0.686
Proline 4.7 76.1 77.5 75.7 76.5 75.6 0.741  0.602 0.855
Serine 63.5 65.4 66.8 64.8 65.5 64.8 0.880  0.806 0.390
Threonine 52.9 55.6 58.9 57.2 56.6 55.8 0.726  0.831 0.434
Tyrosine 71.3 72.3 75.1 73.8 73.1 73.1 0.674  0.983 0.726
Valine 60.3 62.4 65.7 63.5 63.3 62.7 0.696  0.848 0.301

! Analysis of the effect of the milling method included only the coarsely ground feed particles of roller mill and hammer mill.

’M = milling method.
3T = thermal treatment.

Table 6. Analysis of the effect of coarse and fine particle size (P) depending on milling method (M; roller and hammer mill only)
and thermal treatment (T) on apparent ileal nutrient digestibility (%) in laying hens.

Milling method Thermal treatment

Particle size!

P-value

Roller mill Hammer mill Mash Expandate Coarse Fine  M? T8 pt MXT MXP PXT MXTXP
Ether Extract 94.8 94.3 93.9 95.1 934  95.6 0.613 0.298 0.057 0.318 0.569  0.346 0.440
Starch 96.2 96.4 96.9 95.6 96.9  95.7 0.693 0.016 0.028 0.626 0.644  0.044 0.995
Crude Protein 70.8 68.4 70.6 68.6 68.7  70.5 0.097 0.170 0.188  0.404 0.383  0.116 0.799
Alanine 65.5 64.0 65.9 63.7 65.6 639 0.596 0.429 0.542 0.823 0.418  0.795 0.744
Arginine 80.1 8.7 79.8 79.0 79.6 79.3 0474 0.676 0.889  0.666 0.177  0.761 0.590
Aspartic acid 66.9 64.8 66.9 64.8 66.3 654 0.408 0430 0.724 0.684 0.227  0.846 0.507
Cysteine 57.7 55.5 57.1 56.1 57.7 555 0.527 0.777 0.534 0.721 0.687  0.732 0.752
Glutamic acid 78.2 76.7 7.9 77.0 78.0 76.9 0.272 0.508 0.420  0.569 0.357  0.521 0.861
Glycine 55.9 53.1 55.1 53.9 54.7 542 0.350 0.691 0.858 0.905 0.271 0.785 0.928
Histidine 64.1 59.6 62.3 61.5 62.5 61.3 0.125 0.780 0.663  0.835 0.129  0.607 0.561
Isoleucine 69.6 68.0 68.9 68.7 69.7  68.0 0.646 0.938 0.621 0.924 0.237  0.960 0.856
Leucine 73.3 1.7 73.3 1.7 73.5 71.6 0484 0484 0416 0.936 0.226  0.906 0.916
Lysine 71.5 68.4 71.2 68.7 68.7 712 0.227 0.330 0.323 0.807 0.052  0.335 0.676
Methionine 80.1 79.0 80.1 79.1 80.6 78.6 0.545 0.590 0.278  0.619 0.481 0.706 0.856
Phenylalanine 44.0 40.4 44.2 40.2 43.3 412 0419 0.385 0.643 0.931 0.168  0.301 0.877
Proline 75.0 74.2 75.5 73.7 754 73.8 0.659 0.297 0.336  0.967 0.207  0.706 0.912
Serine 64.1 62.8 64.9 62.0 64.5 625 0.641 0.285 0.464 0.901 0.246  0.768 0.529
Threonine 55.1 52.2 55.2 52.0 54.3 53.0 0.442 0386 0.733  0.942 0.139  0.658 0.645
Tyrosine 1.7 70.4 71.2 71.0 71.8 70.4  0.594 0.908 0.563  0.800 0.353  0.763 0.768
Valine 62.4 59.9 62.0 60.3 61.4 609 0.461 0.606 0.885 0.994 0.182  0.798 0.930

'Effect of the variation of fine and coarse particle size (P) of feed produced by roller mill (cleft size 0.75 and 1.0 mm for fine particles or 2.0 mm
and 3.25 mm for coarse particles for wheat and maize), and hammer mill (sieve size 5 and 6 mm for fine particles or no sieve for coarse particles for

wheat and maize).
2M = milling method.
3T = thermal treatment.
‘P = particle size.

mashed feed. This is in agreement with previous ob-
servations (Denstadli et al., 2010; Svihus and Hetland,
2001; Svihus et al., 2004a). In broilers, coarse feed par-
ticles are known to stimulate gizzard activity, result-
ing in larger numbers of small particles in the digesta
in the small intestine compared to broilers fed with
fine feed particles (Hetland et al., 2002). The intake

of coarse feed particles increases not only the gizzard
weight but also the pancreas mass, indicating increased
activity and enzyme secretory capacity (Williams et al.,
2008). However, studies regarding the effect of particle
size on starch digestibility in broilers revealed equivo-
cal results. Kilburn and Edwards (2001) compared feed
based on corn with an average particle size of 1 or
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Table 7. pH of digesta with respect to milling method (M), thermal treatment (T), and particle size (P) in laying hens.

Milling method! Thermal treatment P-value

Roller mill ~ Hammer mill  Disc mill ~ Wedge-shaped disc mill ~Mash  Expandate M? T MXT
Proventriculus 4.79 5.00 4.75 5.02 4.86 4.92 0.721  0.516 0.223
Gizzard 4.17 4.19 4.12 4.31 4.22 4.17 0.619  0.586 0.635
Duodenum 6.02 5.93 5.93 5.91 6.02 5.87 0.106  0.821 0.591
Jejunum 6.17 5.94 6.11 6.09 6.07 6.09 0.799  0.273 0.695
Tleum 7.48 7.56 7.51 747 7.52 7.49 0.609 0.774 0.150
Cecum 7.00 7.00 7.04 6.89 6.93 7.03 0.215  0.656 0.961
Excreta 6.97 6.96 7.09 7.11 7.10 6.97 0.308  0.770 0.443

! Analysis of the effect of the milling method included only the coarsely ground feed particles of roller mill and hammer mill.

M = milling method.
3T = thermal treatment.

Table 8. Analysis of the effect of coarse and fine particle size (P) depending on milling method (M; roller and hammer mill only)
and thermal treatment (T) on of the pH values in the digesta in laying hens.

Milling method Thermal treatment

Particle size

1 P-value

Roller mill Hammer mill Mash Expandate Coarse Fine M? T3 p! MXT MXP PXT MXTXP
Proventriculus 4.93 4.86 4.77 5.01 4.90 4.89 0.727 0.213 0.981  0.899 0.149 0.746 0.564
Gizzard 4.21 4.36 4.22 4.34 4.18 438 0.163 0.301 0.063 0.932 0.222 0.049 0.503
Duodenum 5.95 5.91 6.00 5.87 5.97 5.89 0.739 0.247 0.430 0.979 0.654 0.704 0.298
Jejunum 6.16 6.04 6.12 6.08 6.06 6.15 0.193 0.632 0.302 0.580 0.218 0.886 0.840
Tleum 7.38 7.56 7.51 7.43 7.52 741 0.014 0.253 0.136  0.058 0.161 0.047 0.663
Caecum 7.00 6.96 6.95 7.02 7.00 6.97 0.629 0.361 0.712 0.336 0.632 0.702 0.355
Excreta 6.94 6.96 7.18 6.72 6.97 6.93 0.834 0.000 0.789 0.857 0.803 0.050 0.181

Effect of the variation of fine and coarse particle size (P) of feed produced by roller mill (cleft size 0.75 and 1.0 mm for fine particles or 2.0 mm
and 3.25 mm for coarse particles for wheat and maize), and hammer mill (sieve size 5 and 6 mm for fine particles or no sieve for coarse particles for

wheat and maize).
2M = milling method.
3T = thermal treatment.
4P = particle size.

3.5 mm. Under these conditions, ileal starch digestibil-
ity was significantly increased by smaller particle sizes.
Peron et al. (2005) observed similar effects when feeding
wheat-based diets with higher particle sizes. Feed pro-
duced with a roller mill increased starch digestibility
compared to feed obtained with a hammer mill (Svi-
hus et al., 2004b). Higher apparent ileal digestibility of
proteins and of the essential amino acids including thre-
onine, methionine, and cysteine was observed in broilers
consuming feed produced with a roller mill as opposed
to a hammer mill (Amad, 2001). This finding may be
explained by obtaining different particle size distribu-
tions and particle shapes from the various milling meth-
ods. The spectrum of particle sizes influences not only
the feed digestibility by endogenous enzymes, but also
the pellet stability, which subsequently affects feed in-
take (Briggs et al., 1999; Fairfield, 2003; Svihus et al.,
2004b).

While heat treatment of feed results in a secondary
reduction of particle size (Table 2), this might explain
the improved starch digestibility in mash diets com-
pared to expandate, as well as the interaction between
particle size and thermal treatment.

A possible disadvantage of heat treatment of feed
is the potential negative impact on protein utiliza-
tion. Moderate temperatures and short-term treatment
showed no effects on amino acid availability, but inten-
sive heat treatment significantly reduced amino acid

availability (Amezucua and Parsons, 2007; Dénicke
et al., 1998; Mavromichalis and Baker, 2000; Panigrahi
et al., 1996). In the present study, the apparent ileal
digestibility of crude protein was not affected by the
milling methods, heat treatments, or particle sizes.

pH Measurements

The results indicate that the heat treatments as well
as the milling methods had no effect on the pH of the
digesta. While the effect of smaller feed particles in rais-
ing the pH of the digesta has been described in the liter-
ature, such obervations could not be confirmed in this
study (Nir et al., 1994, Huang et al., 2006). The pH
of the gizzard contents in the present study (Table 5)
is comparable with literature as reported by Mirzaie
et al., 2012. The high buffering capacity of the calcium
carbonate added as mineral salt to the diets, accord-
ing to the requirements of laying hens, might have been
responsible for the relatively high digesta pH and the
lack of effects by coarse feed particle size. Investigating
the interaction of particle size and thermal treatment
demonstrates that feeding hens with fine expandate re-
sults in higher pH compared to coarse expandate, coarse
mash, or fine mash. In contrast, fine expandate de-
creases the pH of digesta in the lower gastrointestinal
tract (ileum and excreta), which may be explained by
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reduced stimulation of the gizzard activity and, hence,
a larger proportion of coarse particles in the lower gas-
trointestinal tract.

Comparing the results of studies on particle size re-
mains challenging in many ways. Sieve analysis is a
common method for investigating particle size distri-
bution (Ehle, 1984; Giger-Reverdin, 2000). However, no
standardized method for feed particle size analysis has
been validated to date. Results obtained from the wet
sieving analysis indicate the effects of additional shear-
ing of the particles caused by the extrusion process re-
sulting in lower AMEAN values for the expanded feed
variants (Table 2). Wet sieving analysis demonstrated
the effect of expanding on particle size; compared to
the mash form of the diet, the equivalent expandate al-
ways contained finer particles as indicated by a reduced
dMEAN.

While this study revealed a moderately positive
impact of coarse particles and mash feed on starch
digestibility, enhanced intestinal glucose uptake was
demonstrated in animals fed mash feed compared to
expandate (Rohe et al., 2014). Furthermore, feeding of
coarse feed particles significantly increased gizzard and
pancreatic organ weight (Rohe et al., 2014). Therefore,
one may assume that the beneficial impact of coarse
particles on the intestinal function of laying hens may
be comparable to the effects observed in broiler chick-
ens (Huang et al., 2006; Svihus et al., 2010; Williams
et al., 2008).

CONCLUSION

Mash feed with coarser structure improved the ap-
parent ileal starch digestibility, while expansion had
no beneficial effect under the experimental conditions.
Tested milling methods can be used for the feed pro-
duction of laying hens without affecting animal perfor-
mance.
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