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Abstract

A 21-day experiment evaluated the effect of different insoluble fiber (IF) sources on growth
performance, nutrient and energy utilization, and foregut organ development of broiler
chicken starters fed mash diets. Four dietary treatments were developed: a control (a
commercial broiler chicken starter diet) and three experimental diets prepared by dilut-
ing the control diet (60 g/kg [w/w]) with three IF sources (rice hulls [RH], lentil hulls
[LH], and wood shavings [WS]). A total of 120, one-day-old broiler chicks (6 birds/cage;
5 cages/treatment) were used in a completely randomized design. Compared with birds
fed the control diet, those fed IF-containing diets showed lower WG and FI (p < 0.001). Feed
per gain (F/G; p < 0.05; d1-21) was lowest in the control; however, after correcting for IF
inclusion, F/G was not affected by dietary treatments (p > 0.05). The effects of IF on foregut
development were source-dependent. Feeding RH and WS improved crop development
(p < 0.05) compared to the control. Incorporating RH resulted in higher gizzard growth
(p < 0.05) compared to the control and LH diets. Birds fed RH and LH had lower (p < 0.05)
gizzard pH compared to those fed WS. Despite being considered a nutrient diluent, tested
IF did not impair (p > 0.05) the energy utilization or nutrient digestibility.
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1. Introduction

With the evolution of intensive commercial feeding practices, the roles of certain parts
of the digestive tract of chickens have been neglected. Current broiler chicken feeding
practices that focus on achieving high intakes of digestible nutrients have resulted in
reduced functional stimulation in the gizzard and a diminished role of the crop as a storage
organ. Re-establishment of their innate feeding behavior [1] and ancestral roles of the
foregut of broiler chickens, such as longer feed retention in the crop and grinding activity
in the gizzard, seems to be successful in achieving performance progress and promoting
overall gut health [2].

Inclusion of insoluble fiber (IF) sources [3], coarse cereal particles [4-6], or whole
grains [7] in the poultry diets has been associated with enhanced gizzard function and
reduced gizzard pH, which can act as a barrier to ingested pathogens and limit their
passage into the intestinal tract [8,9]. Among these strategies, the dietary inclusion of IF
sources appears particularly advantageous for broader adoption, as it requires minimal
processing and limited technical input and can be readily implemented across diverse
poultry production systems.
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The benefits of a well-developed gizzard on feed efficiency and nutrient utilization are
well documented [9,10]. The gizzard can modulate the rate of starch passage to the lower
gastrointestinal tract, thereby preventing starch overload and aiding efficient starch diges-
tion. Accordingly, a positive association between gizzard weight and starch digestibility
has been consistently reported [10]. As the main energy-yielding nutrient, improved starch
digestibility can enhance energy utilization and positively contribute to the performance of
broiler chickens [6,11]. Moreover, larger gizzards and the consequent increase in gastric
reflux between the gizzard and proventriculus provide more time for gastric enzyme and
protease activities in the foregut, aiding protein digestion [9]. Lower gizzard pH also
enhances pepsin activity [12], facilitating initial protein hydrolysis.

Rodrigues and Choct [2] highlighted that a primary objective of feed additives used
to replace antibiotic growth promoters (e.g., organic acids, prebiotics, and probiotics) is to
lower gastrointestinal pH and thereby support a healthy gut environment. Due to the close
functional interaction between the proventriculus and the gizzard, the efficiency of pepsin
and hydrochloric acid activity is influenced by gizzard function, particularly contraction
intensity and digesta retention time. The low pH generated in the stomach contributes
to gut health through its antimicrobial effects, indicating that gizzard function plays an
important role in regulating the foregut environment [9]. In this context, improving foregut
function through dietary strategies may be a practical way to support gut health while
reducing reliance on feed additives [2].

The IF was historically known as a nutrient diluent with little or no effect on nutrient
utilization [13]. However, recent findings contradict this belief by recognizing the role of
IF in improving gut health, enhancing nutrient digestion, and modulating the behavior of
animals [14,15]. Consequently, it is now recommended to include moderate amounts of
coarse IF, such as wood shavings (WS) [14,16] and oat hulls [17], at levels between 2 and
3% in modern low-fiber broiler chicken diets [18].

Insoluble fiber can differ in structure, solubility, water-holding capacity, viscosity,
bulking capacity, and other physicochemical properties [19], which may influence its
functional effects within the gastrointestinal tract. In the present study, three locally
available and low-cost fiber sources, rice hulls (RH), lentil hulls (LH), and WS, were
selected. Among them, RH are characterized by a high lignin and silica content and a
rigid structure [20], whereas WS represents a highly lignified, structurally coarse material
with very low fermentability, primarily contributing to physical bulk [21]. In contrast,
LH are rich in IF and polyphenolic compounds and have been associated with potential
prebiotic and antioxidant properties [22]. Despite substantial research on lentil-based
ingredients as protein substitutes for soybean meal, limited information is available on
the use of LH specifically as an IF source in broiler nutrition [23]. Conversely, more
conventional IF sources, such as WS [14,16] and RH [17,24,25], have been investigated
more extensively in broiler diets. According to the authors” knowledge, no study has
comparatively evaluated RH, LH, and WS as IF sources under identical inclusion levels
and dietary dilution conditions in mash broiler starter diets.

Accordingly, the objective of this study was to evaluate the effects of different IF
sources, RH, LH, and WS, in which comparative evaluation under identical inclusion
level and mash diet conditions remains limited, in terms of growth performance, foregut
development, and the utilization of energy and nutrients in broiler chicken starter diets. It
was hypothesized that different IF sources would differentially influence the development
of the foregut, leading to variations in nutrient utilization and growth performance in
broiler starters.
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2. Materials and Methods
2.1. Diets

The IF sources (RH, LH, and WS) were cleaned and ground in a hammer mill and
passed through a 1.0 mm screen to achieve the desired particle size. A control diet of
commercial broiler chicken starter diet (mash) and three experimental diets containing
RH, LH, and WS (60 g/kg feed) were used in the experiment. The experimental diets
were formulated using a dilution approach, and therefore, they were not iso-nutrient or
iso-energy across treatments. The inclusion level of 60 g/kg of feed was selected based on
previous studies [16,26] evaluating the effects of IF on gastrointestinal development and
nutrient utilization in broilers. Representative diet samples were collected for the analysis
of dry matter (DM), gross energy (GE), nitrogen (N), acid-insoluble ash (AIA), crude fiber
(CF), and crude fat (EE).

2.2. Birds and Housing

The experimental procedures were approved by the Ethical Review Committee, Fac-
ulty of Agriculture, University of Peradeniya, Sri Lanka (ECC/2023/E/065). A total of
120, one-day-old Cobb-500 broiler chicks were obtained from Central Poultry Research
Station, Karandagolla, Sri Lanka. Birds were individually weighed and randomly allocated
to 20 cages measuring 0.9144 x 0.6096 x 0.7620 m, with a floor area of 0.6967 m?, with six
birds per cage, ensuring similar average body weight across cages. Fresh and clean water
was provided ad libitum to the birds through 1 L drinkers at a ratio of one drinker per six
birds per cage. The temperature was maintained at 32 °C during the first week, with a 60 W
bulb per cage, and gradually decreased to approximately 26 °C by the end of the third
week of the experiment. During the first week, light was provided for 24 h, after which a
6 h dark period was maintained as a single block until the end of the experimental period.
Ventilation was allowed through the wire-meshed side walls of the poultry experimental
unit. Each of the four dietary treatments was randomly assigned to five cages and was of-
fered ad libitum. The birds were continued on experimental diets until day 21. Excreta were
collected from day 17 to day 21 to determine the apparent metabolizable energy (AME).

2.3. Growth Performance

Body weights (BW) and feed intake (FI) were recorded on a cage basis at weekly
intervals. Mortality was calculated as a percentage of birds per replicate, and then an
average value of mortality (%) per treatment was calculated. The weight of dead birds
was recorded, and feed per gain (F/G) values were corrected for the BW of birds that died
during the experiment. Fiber-corrected F/G were also calculated by subtracting the amount
of RH, LH, and WS from the total FI [5,14,16].

2.4. Energy and Nutrient Utilization
2.4.1. Nitrogen-Corrected Apparent Metabolizable Energy (AMEn)

The AMEn was determined using the total excreta collection method. The FI and total
excreta output of each cage were measured from day 17 to 21 post-hatch. A subsample of
excreta was collected from each cage daily from d 17 to 21 post-hatch, and all subsamples
were pooled to obtain a representative sample for analysis. These samples were dried at
60 °C in a drying oven (Model DX 600, Yamato, Tokyo, Japan) until they reached a constant
weight, then ground to pass through a 1.0 mm sieve using a grinder (Model ZM 200, Ultra
Centrifugal Mill, RETSCH GmbH, Haan, Germany). The ground samples were stored in
airtight Ziplock bags at —18 °C pending analyses. The excreta samples were analyzed for
DM, GE, and N.
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2.4.2. Coefficient of Apparent Ileal Digestibility of Nutrients (CAID)

On day 22, all broiler chickens in each cage were humanely slaughtered by a deep
horizontal ventral neck cut across the front and both sides of the throat, just below the
jawbone. This procedure reliably severs both common carotid arteries and external jugular
veins and is recognized as a humane method of slaughter [27]. Digesta were collected from
the lower half of the ileum by gently flushing with distilled water as described by [28]. The
digesta from birds within a cage were pooled and stored at —18 °C. Then, the samples were
dried at 60 °C in a drying oven (Model DX600, Yamato Scientific, Japan) until a constant
weight and ground in the same manner as the excreta. The ileum samples were analyzed
for DM, AIA, N, and fat. Apparent ileal digestibility coefficients (CAID) were calculated
using AIA as the internal marker.

2.5. Gizzard pH

The gizzards of two birds from each replicate cage, euthanized for ileal digesta
collection, were used. The pH was measured using a calibrated digital pH meter
(pH/Temperature Tester, Model HI98128, Hanna Instruments, Shanghai, China) by in-
serting the probe directly into three different parts (proximal, middle, and distal) of the
gizzard from each bird. Readings were recorded after the stabilization of the value, and the
average of the three readings was considered the final pH value.

2.6. Measurements on Foregut Development

The digestive tract, from the crop to the gizzard of two birds from each replicate cage,
euthanized for ileal digesta collection, was carefully excised, and adherent fat was removed.
The digesta of the crop, proventriculus, and gizzard were removed by washing them away
to ensure uniformity in recording the empty weights of those organs in individual birds.
The relative weights of these organs were determined and reported as g/kg of BW.

2.7. Chemical Analysis

Dry matter content was determined following standard procedures outlined in Method
934.01 [29]. The nitrogen content was measured using the Kjeldahl method (Method
955.04) [29]. The gross energy contents of diets and excreta were determined using an IKA
bomb calorimeter system, C7000 with Cooler C7002 (IKA®-Werke GmbH & Co., Staufen,
Germany) standardized with benzoic acid. Crude fat content was assessed using the
gravimetric method (Method 954.02) [30], while CF content was analyzed using the fritted
glass crucible method (Method 978.10) [30].

2.8. Calculations

The AME of the diets was calculated using the following formula:
AMEiet M]/kg) = [(FI x GEgjet) — (Excreta output X GEexcreta)]/FI

Correction for zero N retention was made using the factor of 36.54 k] per g N retained
in the body [31]. The following formula was used for AMEn calculation.

AMEng;e; MJ/kg) = [AMEg;et — (36.54 x N retention)] /1000

The apparent ileal digestibility coefficient of nutrients was calculated from the dietary
ratio of nutrients to AIA relative to the corresponding ratio in the ileal digesta.

CAID of nutrient = [(Nutrient/AlA)giet — (Nutrient/AlA)jealdigestal / (Nutrient/AIA) gier
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The F/G of birds fed IF-diluted diets was adjusted by subtracting the amount of IF
from the total FL

Fiber-corrected F/G = (Total FI—IF intake) /WG

2.9. Statistical Analysis

Data were tested for normality using the Shapiro-Wilk test and for homogeneity
of variance using Levene’s test. These data were then analyzed as a one-way ANOVA
arrangement of treatments using the General Linear Model procedure of SAS Studio (SAS
OnDemand for Academics, Enterprise Edition, version 3.82; SAS Institute Inc., Cary, NC,
USA). Cages served as experimental units. The significant difference between the means
was separated by the Least Significant Difference test. Significance was declared at p < 0.05.

3. Results
3.1. Feed Evaluation

Table 1 presents the proximate analysis results for the three IF sources used in the
experiment. The results showed that WS had the highest CF content among the three
sources. The proximate composition of the experimental diets (Table 2) showed that, due
to the dilution approach used in their formulation, the diets were not iso-nitrogenous or
iso-energetic. Consequently, although IF sources were included at comparable levels, the
analyzed CF content varied among diets, primarily reflecting differences in the IF content
of the respective fiber sources.

Table 1. Comparison of the proximate composition of the three insoluble fiber sources (dry matter
basis.

Insoluble Fiber Source =~ Dry Matter (%)  Crude Protein (%)  Crude Fiber (%)

Rice hulls 96.65 11.47 28.27
Lentil hulls 95.57 13.18 44.82
Wood shavings 97.29 5.16 72.79

Each value represents the mean of two replicates.

Table 2. Dry matter (DM; %), crude protein (CP; %, as received basis), ether extract (EE; %, as received
basis), crude fiber (CF; %, as received basis), and gross energy (GE; M]/kg as received basis) of
experimental diets.

Diets DM (%) CP (%) EE (%) CF (%) GE (MJ/kg)
Control diet 96.51 22.44 7.798 2.723 17.51
Control + Rice hulls 97.13 20.97 7.110 5.173 17.54
Control + Lentil hulls 96.07 21.39 6.504 3.980 17.34
Control + Wood shavings 97.11 21.32 5.856 6.615 17.74

Each value represents the mean of two replicates.

3.2. Growth Performance

Table 3 shows the influence of dietary inclusion of IF on WG, FI, and F/G of 21-day-old
broiler starters. Compared with the control, birds fed IF-containing diets showed lower
(p <0.001) WG (reduced by 10.46, 11.16, and 12.47% for RH, LH, and WS, respectively) and
FI (reduced by 10.41, 10.41, and 10.62% for RH, LH, and WS, respectively), and consequently
higher F/G (increased by 7.4, 8.0, and 10.4 points for RH, LH, and WS, respectively).
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Table 3. Influence of dietary inclusion of insoluble fiber on weight gain (WG, g), feed intake (FI, g),
and feed per gain (F/G, g/g) of 21-day-old broiler chicken starter diets L

Diets WG FI F/IG
Control diet 11462 1402 2 1.174 "
Control + Rice hulls 1024 b 1256 P 1.2482
Control + Lentil hulls 1018 b 1256 b 1.2542
Control + Wood shavings 1003 1253 b 1.2782
SEM 2 13.1 13.2 0.0119
p Value 0.0001 0.0001 0.0001

Means in a column not sharing common letters (a,b) are different (p < 0.05). ! Each value represents the mean of
five replicates (six birds per replicate). 2 Pooled standard error of the mean.

As IF contributes little to digestible nutrients or energy, the F/G of birds fed IF-
containing diets was corrected by subtracting the weight of added IF from total FI [5,14,16].
Table 4 and Figure 1 show the effects of dietary IF supplementation on original and fiber-
corrected F/G of broiler starters. No significant differences in either original or fiber-
corrected F/G values were observed among treatments up to 7 d (p > 0.05). At 14 d, the
IF source significantly affected both original and fiber-corrected F/G (p < 0.05), whereas
the control diet had lower original F/G than the LH and WS diets, whilst the RH diet had
lower fiber-corrected F/G than WS. By 21 d, all IF-supplemented diets showed higher
original F/G than the control, but fiber-corrected F/G did not differ among treatments.

Table 4. Influence of dietary inclusion of insoluble fiber on feed/gain (F/G; g feed /g gain) of broiler
chicken starter diets and comparison with fiber-corrected values !.

F/G (D1-7) F/G (D1-14) F/G (D1-21)
Diets
Original  Corrected>  Original  Corrected?>  Original  Corrected >
Control diet 0.7584 0.7582 1.079 1.079 ab 1.174b 1.174
Control + Rice hulls 0.7974 0.7496 1.129 be 1.061° 1.2482 1.173
Control + Lentil hulls 0.7982 0.7502 1.140 b 1.072 @b 1.2542 1.179
Control + Wood shavings 0.7948 0.7472 1.190 @ 1.1182 1.278 @ 1.201
SEM 3 0.01000 0.00944 0.0133 0.0129 0.0119 0.0114
p Value 0.3370 0.8518 0.0003 0.0327 0.0001 0.2998

Means in a column not sharing common letters (a,b,c) are different (p < 0.05). 1 Each value represents the mean of
five replicates (six birds per replicate). > Data were corrected by subtracting the amount of added insoluble fiber
from the total feed intake. 3 Pooled standard error of the mean.

1.30
1.20
1.10
1.00
0.90
0.80
0.70

E'

Original Corrected Original Corrected Original Corrected

F/G (D1-7) F/G (D1-14) F/G (D1-21)
B Control diet K& Control +Rice hulls
8 Control + Lentil hulls & Control + Wood shavings

Figure 1. Comparison of original feed/gain (F/G; g feed /g gain) with fiber-corrected F/G values in
response to dietary inclusion of insoluble fiber in broiler chicken starter diets.
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3.3. Energy and Nutrient Utilization

Table 5 shows the results of the influence of dietary inclusion of IF on the energy
utilization of 21-day-old broiler starters, which indicate that the energy utilization of birds
remained unaffected by the dietary inclusion of different IF sources. The influence of
dietary inclusion of IF on the CAID of DM, protein, and fat of 21-day-old broiler chicken
starter diets is shown in Table 5. Even though IF is considered a nutrient diluent that can
impair nutrient digestibility in poultry, the current findings show no impact of feeding RH,
LH, or WS on the CAID of DM, protein, and fat compared with the control diet.

Table 5. Influence of dietary inclusion of insoluble fiber on Apparent Metabolizable Energy (AME;
M]/kg), nitrogen-corrected AME (AMEn; MJ/kg), Coefficient of Apparent Ileal Digestibility (CAID)
of dry matter (DM) protein and fat of 21-day-old broiler chicken starter diets.

Diet AME1 AMEn! CAID of DM 2 CAID of Protein?  CAID of Fat 2
Control diet 15.27 14.24 0.8106 0.7347 0.9983
Control + Rice hulls 14.68 13.74 0.7736 0.8220 0.9984
Control + Lentil hulls 14.83 13.84 0.7916 0.7867 0.9987
Control + Wood shavings 15.07 14.10 0.7931 0.8657 0.9990
SEM 3 0.208 0.189 0.08972 0.04337 0.00025
p Value 0.2348 0.2708 0.3170 0.2282 0.2389

1 Each value represents the mean of 5 replicates (6 birds per replicate). 2 Each value represents the mean of 3
replicates (6 birds per replicate). 3 Pooled standard error of the mean.

3.4. Foregut Development and Gizzard pH

The relative weights of the crop, proventriculus, gizzard, and gizzard pH of broiler
chicken starter diets fed different IF sources are shown in Table 6. The relative weights of
the crop and gizzard were significantly influenced by the IF inclusion in the diet (p < 0.05),
while the development of the proventriculus remained unaffected (p > 0.05). Compared to
the control diet, RH and WS diets promoted crop development (p < 0.05).

Table 6. Influence of dietary inclusion of insoluble fiber on relative organ weights of the crop (g/kg),
proventriculus (g/kg), gizzard (g/kg), and gizzard pH of 21-day-old broiler chicken starter diets *.

Relative Weight of Bodyweight (g/Kg)

Diet Gizzard pH
Crop Proventriculus  Gizzard

Control diet 2.220b 3.224 12.23P 3.063 2P
Control + Rice hulls 3.2462 3.327 14.58 2 2.966 P
Control + Lentil hulls 2.899 ab 3.058 12.26 2.986P
Control + Wood shavings ~ 3.261 2 3.182 13.97 2b 3.2522
SEM 2 0.2042 0.1628 0.461 0.0647
p Value 0.0027 0.7074 0.0010 0.0084

ab Means in a column not sharing common letters are different (p < 0.05). ! Each value represents the mean of 5
replicates (6 birds per replicate). 2 Pooled standard error of the mean.

Compared with the control and LH diets, birds fed the RH diet showed a higher
gizzard weight. Gizzard pH differed among treatments, with birds fed the WS diet showing
a higher value than those fed the RH and LH diets. The control diet showed intermediate
values, indicating no significant difference from the IF-supplemented diets.

4. Discussion

Considering the proximate compositions of the fiber sources, the highest CF content
in the WS can be primarily attributed to the high concentrations of lignin and cellulose
typically found in timber-derived materials [32]. The current findings are in agreement
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with Réhe and Zentek [21], who reported variable CF levels among fiber sources that
arise as by-products of different industrial processes. These variations can be attributed to
differences in IF content, and CF is only an indicative measure that does not fully capture
total dietary fiber or its internal fractions [15].

The lower WG and FI of birds fed diets with IF, irrespective of the source, than birds
fed with the control diet, may be attributed to the lower palatability of the IF-included
diets. Jiménez-Moreno et al. [33] suggested that the inclusion of IF can reduce FI in broiler
chicken starter diets due to the resulting texture and mouthfeel of the feed. On the other
hand, the current finding contradicts those of Amerah et al. [16], Shakouri et al. [34],
and Svihus and Hetland [35], who reported increased FI when diets were diluted with
cellulose, consistent with the concept that broilers adjust FI to meet energy requirements [1].
However, the present findings align with Classen [36], indicating that FI regulation is
complex and influenced by multiple factors beyond dietary energy concentration, including
the physicochemical characteristics of the IF source [24].

In this regard, the effects of IF on digesta passage rate may be particularly relevant.
Passage rate is influenced by particle size, whereas finer particles accelerate digesta flow
and may increase FI, and coarser particles tend to accumulate in the gizzard, reduce passage
rate, and consequently lower FI [3,16]. Notably, studies reporting higher FI [16,34,35] have
typically used finely ground cellulose in powder form.

Most dietary IF passes through the chicken gut largely undigested [14,15]. Given
the inclusion level of IF in the current study (60 g/kg diet) in the experimental diets, it
was speculated that 6% of the diet passed through the gut undigested, while ~94% of the
commercial feed was digested. Accordingly, correcting FI to obtain a fiber-corrected F/G
value provides an additional approach to interpreting feed efficiency by accounting for
the bulk contribution of the added indigestible fraction, thereby offering an alternative
perspective for comparison [5,14,16]. It should be noted that this correction does not imply
that IF is nutritionally inert; rather, it is intended as an interpretative adjustment to help
distinguish the physical dilution effect of added IF from the utilization of the remaining
commercial diet. From a practical standpoint, F/G is a key economic indicator, particularly
in commercial poultry production. Hence, the current results on fiber-corrected F/G may
indicate that a 60 g/kg inclusion of tested IF does not necessarily increase feed cost per unit
of gain, despite a reduction in growth rate.

Based on fiber-corrected values, 14-day-old birds fed RH diets showed lower F/G
than birds fed WS diets, whereas by 21 d, F/G was unaffected by dietary treatment. This is
consistent with Abdollahi et al. [5], who reported similar fiber-corrected F/G values when
comparing lignocellulose, oat hulls, and WS in broiler starter diets. However, these results
contrast with those of Amerah et al. [16] and Hetland et al. [14], who observed improved
fiber-corrected gain-to-feed ratios when wheat-based diets were diluted with oat hulls
and WS, respectively. The discrepancy may primarily be due to differences in feed form:
mash in the present study and Abdollahi et al. [5], versus pellets in Hetland et al. [14] and
Amerah et al. [16].

As indicated by the proximate composition of the experimental diets, incorporating
IF increased dietary fiber content. While this contributes to the DM and GE content of the
diets, a greater proportion remains undigested in the digesta due to the limited capacity
of broiler chickens to hydrolyze and utilize dietary fiber [5]. Nevertheless, the expected
nutrient dilution due to increased gut fill by IF [14,33] was not observed in the current
study. These findings are consistent with Kakhki et al. [17], who reported no differences in
AME among diets containing oat hulls, beet pulp, or RH, at 3% inclusion level in broiler
diets at 22 d of age, and with Amerah et al. [16], who observed that AMEn was not affected
by the inclusion of cellulose or WS at a 6% inclusion level in broilers at 21 d of age. Amerah
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et al. [16] also applied a correction for AMEn when IF was included and reported higher
AMERn in response to feeding cellulose and WS. In contrast, Jimenez-Moreno et al. [37,38]
reported increases in AMEn following the addition of IF sources, with the magnitude of
the effect being fiber-type dependent. Abdollahi et al. [5], however, reported lower AME in
response to oat hulls and WS inclusion, suggesting that such discrepancies may arise from
differences in fiber type and particle size, the fiber concentration in the control diet, and
variations in control diet formulation (e.g., use of fillers in the diet substituted with fiber
sources). Overall, the results of the current study showed that the inclusion of the tested IF
sources at 60 g/kg diet did not compromise energy or nutrient utilization.

Improved gut motility and microbial fermentation, mainly by providing fermentable
substrates in a diet such as IF, can promote crop development [37]. The gizzard is the main
organ responsible for the mechanical digestion of feeds within the poultry gastrointestinal
tract [9], whereas the dietary inclusion of IF stimulates gizzard development for extensive
mechanical processing and an extended retention period of digesta [5,16]. During sampling,
large amounts of IF were also observed to accumulate in the gizzard. Amerah et al. [16]
reported that the inclusion of WS increased the relative weight of the gizzard when fed to
broiler starters at an inclusion level similar to the current study.

Larger gizzards and increased gastric reflux between the gizzard and proventriculus
cause the gizzard pH to drop and promote gastric enzyme and protease activities, aiding
protein digestion. Moreover, a lower pH in the gastrointestinal tract helps maintain a
healthy digestive environment [8,9]. Lower pH can be achieved in the foregut by promoting
prolonged retention in the gizzard [12]. Nevertheless, without significant development
in the gizzard, the birds fed LH also showed a lower gizzard pH value, and even with a
higher relative weight of the gizzard, WS-fed birds showed a higher gizzard pH. While
the relationship between gizzard development and gizzard pH is well established in
the literature [9,10], exploring other factors that may contribute to a lower gizzard pH
is recommended.

Despite the proposed role of lower gizzard pH in enhancing protein digestibility [6]
and lower gizzard pH in birds fed RH and LH diets compared with those fed WS, the
current findings showed no effect of IF inclusion on the CAID of protein. Adibmoradi
et al. [24], who compared RH and barley hulls at 0.75 and 1.5% inclusion levels replacing
wheat, reported improved CP digestibility, although no effects on gizzard weight were
observed, and gizzard pH was not recorded. In contrast, Kakhki et al. [17], who evaluated
alternative fibrous ingredients to oat hulls, found no effects of fiber source (oat hulls, beet
pulp, or RH) on protein digestibility or AME at 22 days of age, along with no prominent
effect on gizzard development or pH changes. Overall, the discrepancies between the
present findings and previous studies suggest that mechanisms beyond those associated
with gizzard development and acidification may influence nutrient utilization in broiler
starters fed IF-incorporated mash diets.

Although the current design had some limitations, the results nevertheless have
implications for understanding the effect of the tested IF on the growth performance,
nutrient digestibility, and foregut development of broiler starters. First, the relatively
short experimental duration (21 days) was selected to capture early physiological and
developmental responses to IF, which are most pronounced during the starter phase [25].
However, caution is warranted when extrapolating these findings to later growth stages.
Second, the use of mash diets was intentional to preserve feed structure and better reflect
the physical effects of IF, although this may limit direct comparison with pelleted feeding
systems. Previous studies have evaluated IF using dietary dilution [38-40], replacement
of inert fillers, or substitution of nutrient-dense ingredients such as wheat [17]. In the
present study, a dilution approach was adopted to reflect the functional role of IF when
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added as a nutrient diluent and to enhance the practical relevance of the findings under
applied feeding conditions. Accordingly, diets were not formulated to be iso-nutrient or
iso-energetic across treatments. As highlighted by Tejeda and Kim [15], responses to dietary
fiber are influenced by formulation strategy, which should be considered when interpreting
the present results. Overall, the findings support the view that IF functions not merely as a
nutrient diluent, but as a functional dietary component capable of modulating digestive
tract development, nutrient utilization, and growth performance in broiler starters, with
particular relevance to production systems in developing countries where agro-industrial
by-products remain underutilized.

5. Conclusions

Despite being considered a nutrient diluent, tested IF did not impair the energy,
protein, and fat utilization in 21-day-old broiler starters fed mash diets. Lack of impact of
IF supplementation on corrected F/G, taken together with energy and nutrient utilization
results, suggests that the apparent increase in original F/G with IF inclusion can be due
to the indigestible fiber fraction. The fiber-corrected F/G results suggest that including
60 g/kg of the tested IF does not necessarily increase feed cost per unit of gain, despite
a reduced growth rate. The effects of IF on foregut development differed by source.
Therefore, improving feed structure through strategic manipulation of IF sources may
address concerns about suboptimal upper-gut function associated with highly processed
diets. However, the absence of a clear relationship between gizzard development, gizzard
pH, and nutrient or energy utilization indicates that enhanced gizzard function does
not necessarily translate into improved digestibility. Further studies focusing on IF by
type, particle size, inclusion levels, and digestive mechanisms, such as enzyme activity,
digesta kinetics, and microbial interactions, are therefore warranted to better elucidate the
functional role of IF beyond its effects on foregut development.
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The following abbreviations are used in this manuscript:

AIA Acid Insoluble Ash

AME Apparent Metabolizable Energy

AMEn Nitrogen-Corrected Apparent Metabolizable Energy
ANOVA  Analysis of Variance

BW Body Weight
CAID Coefficient of Apparent Ileal Digestibility
CF Crude Fiber
DM Dry Matter

EE Ether Extract
F/G Feed per Gain
FI Feed Intake

GE Gross Energy
IF Insoluble Fiber
LH Lentil Hulls

N Nitrogen

RH Rice Hulls

WS Wood Shavings
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