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Influence of Particle Size and Feed Form on Growth Performance and 
Development of Gastrointestinal Tract in Modern Broilers 

Introduction 

The selection for rapid growth has resulted in appetite indirectly becoming an important criterion in the selection of 

modern broiler strains (Applegate, 2012). Besides ensuring an adequate and balanced nutrient intake, feed intake 

(FI) has been suggested as the single-most important factor determining the growth rate of broilers (Ferket and 

Gernat, 2006).  Higher FI increases weight gain (WG) and consequently reduces the proportion of energy used 

for bird’s maintenance in relation to gain and improves feed efficiency (Svihus et al., 2004). Feed processing is 

now a common practice in poultry feed production worldwide and, includes single or multiple manipulation of feed 

ingredients or complete feed before offering it to the bird. Today, most poultry feeds are manufactured by 

employing a combination of physical grinding with hammer or roller mills with hydrothermal processing including 

either pelleting, expansion, or extrusion. Despite its impact on feed texture and nutritional value, less attention has 

been paid to the impact of feed processing variables, such as particle size and physical feed form on FI, growth 

performance and intestinal function of broilers. Performance of broilers is influenced by feed particle size and, the 

effects vary with age of birds and the grain type being fed. Moreover, dietary nutrient density and macro-structural 

characteristics of pellets such as pellet durability, hardness, length and diameter, have the ability to influence 

pelleting efficiency and therefore growth performance. 

Broilers have a requirement for a certain degree of physical structure in their feed to meet their innate feeding 

behaviour (Ferket and Gernat, 2006). In recent years, the use of dietary structural components, such as coarse 

particles in poultry diets have attracted considerable attention due to their effects on the development and 

functionality of the upper digestive tract (Svihus et al., 2002). However, pelleting process further grinds the large 

feed particles and minimises the differences in particle size distribution. In broilers fed pelleted diets, made of 

finely ground ingredients, the foregut, especially the gizzard, is no longer functional in terms of mixing, grinding 

and reverse peristalsis contractions (Cumming, 1994; Duke, 1994). The current review focuses on the effect of 

physiological consequences of particle size and feed form on broiler performance and the development of 

gastrointestinal tract (GIT), in general, and the gizzard, in particular. 

Effect of feed particle size on growth performance 

It is common practice to grind cereal grains prior to incorporation into the diets. Grinding improves blending ability 

and homogeneity of the mixed feed, decreases segregation and mixing problems, and facilitates pelleting 

(Behnke, 1996; Koch, 1996). It is also believed that fine grinding enables digestive secretions to better access the 

substrates in smaller particles with larger surface area, thus enhancing the digestion and consequently growth 

efficiency (Behnke, 2001; Goodband et al., 2002). In the last two decades, the importance of particle size in 

poultry nutrition is being increasingly recognised because of the benefits associated with a developed and more 

functional gizzard. However, published data on the effects of particle size on the performance of broilers have 
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been somewhat inconsistent. This discrepancy is due mainly to feed physical form (mash vs pellets) as the major 

confounding factor. The pelleting process, widely used in the manufacture of broiler feeds, has been shown to 

considerably reduce the feed particle size and equalise differences in particle size distribution (Engberg et al., 

2002; Svihus et al., 2004; Péron et al., 2005; Amerah et al., 2007b; Abdollahi et al., 2011; Hafeez et al., 2015). 

This has resulted in the impact of particle size being more pronounced in mash feeds than in pelleted or crumbled 

feeds (Reece et al., 1985, 1986a; Svihus et al., 2004; Péron et al., 2005; Amerah et al., 2007b; Zang et al., 2009). 

Birds are able to distinguish the differences in feed particle size by mechanoreceptors located in the beak (Gentle, 

1979). The ability of young broiler chickens to distinguish even minor differences in the particle size of feed has 

been observed at as early as 4 d of age (Nir et al., 1990). Birds select the feed particles in accordance with the 

size of their beak and oral cavity; both increasing with advancing age (Moran, 1982). Moreover, birds show a 

pecking preference for larger feed particles (Schiffman, 1968) and the preferred particle size increases with age 

(Portella et al., 1988; Nir et al., 1990, 1994a,b). According to Savory (1980), particle size and nutrient 

concentration of the feed are the two main factors determining feed consumption of birds. Portella et al. (1987) 

reported that altering feed particle size without changing diet composition affected FI in layers. Portella et al. 

(1988) demonstrated that feed consumption of broilers was related directly to particle size, with only a weak 

correlation with nutrient composition. In a feed selection study in birds, Allen and Perry (1977) reported a steady 

reduction over time in the proportion of large particles (> 2.0 mm) and increased proportion of fine particles (< 1.0 

mm) in the remaining feed. Nir et al. (1990) reported that, regardless of the method of grinding (hammer or roller 

mill) of sorghum, broilers consumed feed in accordance with its coarseness and FI was inversely related to the 

surface area of the ground grain. 

However, it should be noted that the mean size is not the only particle characteristic influencing the FI and 

therefore bird performance; shape, uniformity and size range of particles in the diet may also have an impact 

(Reece et al., 1986b; Douglas et al., 1990; Axe, 1995). Amerah et al. (2007a) suggested that feeding a diet with 

more uniform particles might have beneficial effects on growth performance through reducing the time, and 

possibly energy, spent for searching and choosing the desired particles. Geometric mean diameter (GMD) and 

geometric standard deviation (GSD) are generally used to describe the particle size and the variation in particle 

size, with a lower GSD representing higher uniformity. Nir et al. (1994a) reported that feeding a uniform maize-

based diet (GSD, 1.6 vs ≥ 2.0) improved WG and feed efficiency with no effect on FI. It is noteworthy that, 

although the particle size of the major grain(s) in feed substantially affects the particle size distribution of feed, the 

uniformity of the particle size (expressed as GSD) of the complete feed is also influenced by the particle size of 

other feed ingredients. The more similar GMD of the cereal and other components, the more uniform (smaller 

GSD) the complete diet would be. It should also be noted, however, that bird’s preference for coarse particles 

might be detrimental to growth performance, when the feed particles are less uniform. Portella et al. (1988), in a 

maize-wheat-soybean meal broiler diet, analysed six different particle size spectra, ranging from < 600 µm to > 

2360 µm, for protein, calcium and phosphorus, and reported much higher protein, and lower calcium and 

phosphorus in larger particles than in fine particles. Therefore, a pecking preference for larger particles may 

prevent birds from receiving a balanced intake of nutrients and result in a failure to meet their nutritional 

requirements. 

Effect of particle size in mash diets 

The effects of particle size on broilers growth performance in mash diets have produced equivocal results (Table 

1). This discrepancy is likely to be related to a complex array of confounding factors such as type and cultivar of 

grain, type of grinder (hammer mill vs roller mill), endosperm hardness, particle characteristics (size, uniformity 

and distribution) of feed components and age of the birds. Svihus et al. (2004) ground wheat to different particle 

sizes by the use of either hammer mill (GMD, 600 and 930 µm) or roller mill (RM; GMD, 670, 920 and 1700 µm) 

and reported no differences in growth performance due to grinding except for a higher WG for RM1700 than for 
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RM920 in mash diets. Amerah et al. (2007b) reported that broilers fed coarse particle (7-mm screen) wheat mash 

diets consumed almost 13% more feed than those fed medium particle (3-mm screen) diets, with significant 

improvements in WG and feed efficiency. Yasar (2003), in a study with wheat, reported that the deleterious 

effects of soluble non-starch polysaccharides (NSP) were more pronounced in the finely ground diet than in the 

medium and coarse diets. In this study, decreasing the screen size from 7.0 to 6.0, 5.0 and 4.0 mm resulted in an 

increased ileal digesta viscosity from 7.3 to 7.5, 9.1 and 18.3 cPs, respectively. It was suggested that more NSP 

is solubilised and released into the intestinal tract due to fine grinding, slowing down the passage rate of digesta, 

thereby compromising FI and performance. 

Table 1:  Influence of particle size on the feed intake (FI, g/bird), weight gain (WG, g/bird) and feed per gain (F/G, g/g) of broilers in mash diets 

 

a,b Within each reference, values in a column with different superscripts are significantly different (P < 0.05). 

H, hammer mill; R, roller mill; NR, not reported. 

 

Although medium or coarse grinding of wheat, compared to fine grinding, has shown to improve broiler 

performance fed mash diets (Yasar, 2003; Amerah et al., 2007b), either no particle size effect or negative effect of 

coarse particle size has been reported in studies with maize-based diets in mash form. The optimal GMD of 

maize for young broilers in mash diets has been reported to be between 700-900 µm (Nir et al., 1990, 1994a). Nir 

Grain 

type 

Age 

(d) 

Mill 

type/Screen 

size 

Particle size (µm) FI WG F/G Reference 

   GMD GSD     

Maize 7-21 H 769 1.63 725 522a 1.37b Nir et al. 

(1994a) 

  H 871 2.05 716 463b 1.54a 

  H 1260 2.08 740 473b 1.60a 

Sorghum 1-49 H 628 1.88 4536b 2187b 2.08a Nir et al. 

(1995) 

  R 1413 1.76 4728a 2347a 2.02b 

Wheat 1-21 H (3-mm) NR NR 777b 453b 1.717a Amerah et al. 

(2007b) 

  H (7-mm) NR NR 877a 539a 1.629b 

Wheat 1-21 H (3-mm) 618 2.63 1102 810 1.370 Amerah et al. 

(2008b) 

  H (7-mm) 882 2.42 1079 786 1.370 

Maize 1-21 H (3-mm) 611 2.44 871 642b 1.359 Amerah and 

Ravindran 

(2009)   H (7-mm) 849 2.40 902 677a 1.379 

Maize 1-21 H (2-mm) 382 3.50 1145 911 1.257b Naderinejad et 

al. (2016) 

  H (5-mm) 452 3.80 1179 932 1.279a 

  H (8-mm) 513 3.90 1173 918 1.290a 
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et al. (1994b), reported that, independent of the cereal type (maize, wheat or sorghum), medium mash diets with 

GMD of 966 to 1266 µm had the optimum particle size resulting in the best growth performance. Kasim and 

Edwards (2000) reported no effect of maize particle size (GMD, 484, 573 and 894 µm) on the growth performance 

of broilers fed mash diets. Amerah and Ravindran (2009) reported that compared with medium grinding, coarse 

grinding of maize had no effect on FI but increased the WG. Zang et al. (2009) found that although a coarse 

maize (GMD, 953 µm) diet increased feed consumption compared to a finely-ground (GMD, 597 µm) diet, but did 

not affect growth and feed efficiency. Parsons et al. (2006) and Chewning et al. (2012), using maize-based diets, 

reported that increasing particle size impaired feed efficiency. Naderinejad et al. (2016), in a broiler study with 

maize-based mash diets, reported that medium and coarse particles, compared to fine grinding, had no effect on 

FI and WG but impaired feed efficiency by 2.2 and 3.3 points, respectively. Charbeneau and Roberson (2004) 

reported significant linear decreases in the WG of turkey poults at d 7 and 15 with increasing maize particle size 

from 606 to 1094 µm, due to decreased FI. Negative effects of large maize particle size in young birds fed mash 

diets have also been reported by other researchers (Douglas et al., 1990; Lott et al., 1992; Kilburn and Edwards, 

2001; Jacobs et al., 2010; Pacheco et al., 2013), and this was attributed to poor development of gizzard with 

limited ability to grind coarse particles. 

Although soybean meal (SBM) is used extensively in broiler diets, studies on the effect of SBM particle size on 

broiler performance are scant. Kilburn and Edwards (2004) reported a positive effect of feeding coarse SBM 

particles on feed efficiency compared to fine particles SBM (GMD, 1239 vs 891 µm). However, the effect of SBM 

particle size on feed efficiency interacted with the particle size of the complete diet in which the SBM was 

incorporated. Pacheco et al. (2013) found that broilers fed finely ground (GMD, 465 µm) solvent-extracted SBM 

(SSBM) had poorer feed efficiency than coarsely ground SSBM (GMD, 971 µm). However, similar particle sizes of 

expeller-extracted SBM (ESBM) failed to affect FI and feed per gain. In a follow up study (Pacheco et al., 2014), 

these researchers reported that feeding coarse (GMD, 1290 µm) expeller-extracted SBM (ESBM) reduced body 

weight and compromised feed efficiency compared to fine ESBM (GMD, 470 µm). Pacheco et al. (2013) studied 

four combinations of fine and coarse particles of maize and ESBM, and reported that coarse particles, regardless 

of the ingredient, depressed FI, with the depression being more pronounced in birds fed diets containing coarse 

maize and coarse ESBM compared with the remaining three combinations. 

In spite of the benefits such as enhanced upper gut development associated with feeding coarse mash diets, 

particle size distribution must always be considered in relation to the cereal used, age of the bird and hardness of 

grain. Fine grinding of wheat, due to an increased digesta viscosity with subsequent depressed performance, 

should be avoided in broiler diets (Yasar, 2003). When feeding maize-based mash diets to broilers, especially 

young chicks, the possibility that coarse particles may increase energy requirement for grinding in the gizzard and 

compromise growth needs to be considered. 

Effect of particle size in pelleted diets 

In general, when the diets are fed in pellet form, different feed particle sizes have been reported to produce 

similar performance responses (Reece et al., 1985, 1986a; Engberg et al., 2002; Svihus et al., 2004; Péron et al., 

2005; Amerah et al., 2007b, 2008a; Chewning et al., 2012; Naderinejad et al., 2016; Table 2). 

During the pelleting process, the narrow gap between pellet rollers and the pellet die (Svihus et al., 2004) and the 

frictional force inside the die hole (Abdollahi et al., 2011), further reduce the size of large particles and, therefore, 

equalises the differences between particle size distribution of the diet (Engberg et al., 2002; Péron et al., 2005; 

Amerah et al., 2007b; Abdollahi et al., 2011; Hafeez et al., 2015). Abdollahi et al. (2011) showed that the passage 

of diets through the pellet die reduced the proportion of coarse particles > 2.0 mm and increased the proportion of 

fine particles < 0.075 mm.  
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Table 2:  Influence of particle size on the feed intake (FI, g/bird), weight gain (WG, g/bird) and feed per gain (F/G, g/g) of broilers fed pelleted  

diets 

 

Grain 

type 

Age 

(d) 

Mill type/Screen 

size 
Particle size (m) FI WG F/G Reference 

   GMD GSD     

Maize 1-42 H (3.18-mm) 679 2.22 3576 1884a 1.898b Reece et al. 

(1986b) 

  H (6.35-mm) 987 2.43 3549 1852b 1.916a  

  H (9.53-mm) 1289 2.48 3566 1881a 1.897b  

Maize 1-21 H (3.18-mm) 716 NR 1048 749a 1.40b Lott et al. (1992) 

  H (9.59-mm) 1196 NR 1032 729b 1.42a 

Wheat 1-21 H (3-mm) NR NR 1271 834 1.525 Amerah et al. 

(2007b) 

  H (7-mm) NR NR 1253 824 1.521 

Wheat 1-21 H (1-mm) NR NR 1357 888 1.528 Amerah et al. 

(2008a) 

  H (7-mm) NR NR 1262 872 1.467 

Maize 1-21 H (1-mm) NR NR 1191 823 1.448 Amerah et al. 

(2008a) 

  H (7-mm) NR NR 1173 870 1.360 

Maize 1-21 H (2-mm) 253 3.60 1379 1139 1.219 Naderinejad et 

al. (2016) 

  H (5-mm) 275 3.80 1373 1143 1.204 

  H (8-mm) 299 3.80 1368 1138 1.203  

H, hammer mill; NR, not reported. 

 

Increasing maize particle size from GMD of 716 to 1196 µm in a crumbled diet impaired WG and feed efficiency, 

possibly because of large particles not being efficiently utilised by the birds (Lott et al., 1992). In a follow up 

experiment, these researchers reported that increasing the particle size from a GMD of 690 to 824, 876 and 974 

µm, had no detrimental effect on bird performance. Engberg et al. (2002) fed a pelleted broiler diet made from 

wheat grain which was finely (using a hammer mill with a 3 mm screen) or coarsely (using a roller mill) ground 

and observed no effect on FI, BW and feed per gain. Svihus et al. (2004) reported that neither the particle size of 

wheat nor the type of grinder influenced the FI of pellet-fed broilers. Amerah et al. (2008a) showed that particle 

size differences that were present even after pelleting influenced both the FI and feed efficiency, with coarse 

grinding decreasing FI but improving feed efficiency in both wheat- and maize-based diets. Pacheco et al. (2014), 

found that increasing the particle size of ESBM from 530 to 1300 µm in a maize-based crumbled diet increased FI 

and BW without affecting feed efficiency. Naderinejad et al. (2016) reported no effect on any of the performance 

parameters of 21-d broilers fed pelleted diets made from maize of fine, medium and coarse particle sizes (GMD of 

490, 651 and 796 µm, respectively), though small differences in particle size distribution persisted even after 

pelleting.  
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Part of the particle size effect, if any, on the performance of pellet-fed birds is related to its effect on pellet 

physical quality. Contrary to the general belief that fine grinding enhances pellet agglomeration, particle size has 

failed to have any effect on pellet quality in some studies (Reece at al., 1986a; Amerah et al., 2007b). Moreover, 

Naderinejad et al. (2016) showed that coarse grinding of maize compared to fine grinding (GMD, 796 vs 490 µm) 

numerically increased pellet durability, pellet hardness and percentage of intact pellets. Similar finding was 

reported by Reece et al. (1986b) who reported higher durability for pellets made from coarse maize than those 

from fine maize. 

Based on available published data, it is evident that the response of broilers fed mash diets varying in particle size 

cannot be extrapolated to pelleted or crumbled diets, because particle size differences are usually minimised 

during the pelleting process. When pelleted diets are fed, the use of coarse grain particles does not appear to 

depress broiler performance and, could possibly improve feed utilisation. Moreover, coarse grinding would also be 

preferable because of considerable energy saving achieved by increasing the grinder openings and increased 

throughput (Reece et al., 1986a). 

Feed particle size and gut development  

The avian stomach comprises two distinct compartments, namely the proventriculus and the ventriculus or 

gizzard. Hydrochloric acid (HCl), pepsinogen and mucus are the major substances secreted by the proventriculus 

and mixed with the digesta contents in the gizzard via muscular movements (Duke, 1992). The gizzard has an 

important additional function of grinding feed material, as birds do not have teeth (Svihus, 2014). Gizzard is a 

dynamic organ that fluctuates in size according to stimulation and responds rapidly to changes in the diet, 

particularly to changes in insoluble fibre content, particle size and hardness, increasing in organ mass, 

muscularity or both (Hetland et al., 2004; Abdollahi et al., 2019). Higher grinding activity of gizzard increases the 

size of the gizzard muscles, which are myelinated and have a koilin layer (Svihus, 2011, 2014). Generally, a large 

and well-developed gizzard is associated with developed gizzard muscles and increased grinding activity (Nir et 

al., 1994b,c; Amerah et al., 2007a,b; Svihus, 2011), increased pancreatic enzyme secretion through increased 

release of cholecystokinin (Svihus, 2011), and improved GIT motility (Ferket, 2000; Gonzalez-Alvarado et al., 

2008), with the overall result of improved nutrient utilisation (Fig.1). However, under modern feeding regimes 

where the grain is ground before incorporation into feed, the grinding action of gizzard is carried out at the feed 

mill. As a result, birds fed finely ground-pelleted diets show a relatively underdeveloped or atrophied gizzard, 

which functions as a transit rather than a grinding organ (Abdollahi et al., 2013d). Dilation of the proventriculus is 

also often observed, which is presumably an attempt to increase the production of pepsin to deliver the enzyme in 

a single pass of feed. According to Nir and Ptichi (2001), the relative gizzard weight was positively correlated to 

feed particle size when the diets were in mash form. In birds fed mash diets with coarsely ground particles, 

digesta were retained longer in the gizzard along with greater gizzard development (Hetland and Svihus, 2001; 

Engberg et al., 2002). Nir et al. (1994b) reported that when day-old chicks were fed medium and coarse maize 

particles, gizzard weight increased by 26 and 41%, respectively, compared to those fed fine particles. Kilburn and 

Edwards (2004) stated that larger particles were retained longer, allowing more time for nutrient digestion and 

absorption. These benefits were reduced when the diet was fed in pelleted or crumbled form, presumably 

because of concomitant degradation of larger particles during the pelleting process. Svihus (2011), in a review of 

gizzard functionality, recommended that at least 20% of feed particles should be larger than 1.5 - 2.0 mm in size 

in diet to stimulate gizzard development. 
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Figure 1:  Summarized mechanisms for impact of well-developed and functional upper digestive tract on nutrient digestion in poultry 

 

Three distinct sites of reverse peristalsis exist in the GIT of birds (Duke, 1982): i) gastric reflux transferring the 

digesta from gizzard to proventriculus via gastro-duodenal contractions (2-4 cycles per min), ii) the small intestinal 

reflux, that transfers digesta from the duodenum and jejunum into the gastric area (about 4 times per hour) and 

increases the digesta retention time, iii) cloaca-caecal reflux, which transfers urinary nitrogen to the caeca via the 

colon particularly when fed low-protein diets (Karasawa, 1999). A well-developed gizzard generates stronger 

reverse peristalsis contractions and increases proteolysis by pepsin, trypsin and other endogenous proteases in 

the small intestine (Ferket, 2000). When broilers were fed coarse structured feeds, in comparison to finely ground 

feeds, lower pH was recorded in the gizzard (Nir et al., 1994b; Engberg et al., 2002) and proventriculus (Nir et al., 

1995). Higher HCl production because of longer retention time of digesta in the gizzard might be the reason for 

the reduced gizzard pH.  

Published data on the effects of coarse particle feeding on the development of segments of the GIT other than the 

gizzard are inconsistent. Digesta particles size reaching the small intestine have no relationship with feed particle 

size, due to the gizzard grinding activity, therefore, the impact of feed particle size on small intestine and ceca 

physiology might be minimal (Kiarie and Mills, 2019). However, Nir et al. (1994b) reported that, in addition to 

gizzard, coarse maize diet increased the relative weights of jejunum, ileum and whole small intestine. Nir et al. 

(1994c) reported that birds fed sorghum-soybean meal mash diets showed hypertrophy of the small intestine 

compared to pellet diets. However, Nir et al. (1995) found no differences in the weight of intestinal segments with 

maize particle sizes increasing from 600 to 2170 µm. In contrast, Amerah et al. (2007b) reported a reduction in 

the relative length of all GIT components as wheat particle size increased. A decreased intestinal weight or length 

may result in improved feed efficiency due to reduced maintenance costs (Xu et al., 2015).  

Although pelleting further reduces the proportion of large particles in the diet, but the differences in particle size 

are preserved even after pelleting and the benefits of coarse particles might still exist in pelleted diets (Nir et al., 

1995; Péron et al., 2005). Naderinejad et al. (2016) reported that coarse grinding of maize, through enhanced 

gizzard development and functionality was beneficial to nutrient and energy utilisation and growth performance in 

broilers fed pelleted diets. They found that a minimum of 40 to 60 g/kg particles larger than 2 mm was sufficient to 

stimulate secretion of HCl and reduce the gizzard pH to the same level as mash-fed birds. Péron et al. (2005) 

found that pelleting coarse particles with very hard wheat-based diets increased gizzard weights compared to 

those with fine wheat, which was attributed to the resistance of hard particles to size reduction during the pelleting 

process. Therefore, it would appear that the effect of grain particle size in pelleted diets on gizzard development 
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depends on the cereal base used and grain hardness (Zaefarian et al., 2016). Moreover, technical parameters of 

pelleting process, such as pellet diameter and, the gap between the rollers and pellet die, may potentially 

influence the final particle size. A large pellet diameter and an increased gap between the rollers and the die 

might reduce the grinding of particles in the pellet press.  

Effect of particle size on intestinal morphology and microbiota profile  

There have been limited reports on the influence of feed particle size on intestinal morphology and the results are 

inconsistent. Amerah et al. (2007b) reported that villus height, crypt depth, and epithelial thickness in the 

duodenum were unaffected by maize particle size. Their results were confirmed by Zang et al. (2009), who also 

failed to observe any effect of maize particle size on intestinal morphology. However, Nir et al. (1994b, 1995) 

reported that the duodenal villus height increased linearly as the dietary particle size increased. Liu et al. (2006) 

also reported that coarse maize inclusion reduced the number of mast cells in the duodenum, jejunum, and ileum 

as compared with finely ground maize. Xu et al. (2015) reported that 500 g/kg dietary inclusion of coarse maize 

increased the jejunal tip width and villi surface area but decreased the thickness of muscularis layer. This finding 

was considered as a general response of the digestive and absorptive capacity of the proximal small intestine to 

greater digesta retention time to facilitate greater contact between the nutrients and villi.  

In addition to improving digestive efficiency, a developed gizzard ensures the maintenance of a healthy gut by 

promoting reverse peristalsis and discouraging the colonisation of pathogens and other undesirable microbes that 

compete with the bird for nutrients (Bjerrum et al., 2005). These effects on gut microbiota profile may be explained 

by one of the following mechanism: (i) decreased gastric pH, due to increased HCl secretion (Nir et al., 1994b; 

Svihus et al., 2004). Therefore, harmful bacteria entering the intestinal tract via the feed have a greater chance of 

being suppressed in a highly acidic environment. (ii) greater grinding action of gizzard and increased reverse 

peristalsis, (iii) promotion of colonisation of commensal bacteria and reductions in less preferred bacteria through 

competitive exclusion, (iv) or a combination of all these. Clearly, the gizzard has an important barrier function that 

prevents pathogenic bacteria from entering the distal intestinal tract. Therefore, feeding coarse particle has the 

potential to be used as a component in antibiotic growth promoters replacement programmes. Moreover, it also 

has practical implications in food safety as pathogenic bacteria such as E. coli, Clostridium species and 

Campylobacter species contaminate poultry carcasses during processing in slaughterhouses and represent an 

important cause of foodborne illnesses in humans (Zaefarian et al., 2016). 

As mentioned above, feed particle size may affect the morphological characteristics of the GIT and thus microbial 

status. Branton et al. (1987) observed that birds fed coarsely ground wheat diet had lower mortality rate due to 

necrotic enteritis than those fed finely ground wheat diet (18.1 vs 28.9 %). Engberg et al. (2002) stated that an 

increase in Lactobacilli populations is usually considered beneficial to the host because they can prevent 

colonisation of pathogens such as E. coli. These researchers also compared coarse or finely ground mash or 

pelleted feed and reported that there was an increase in Lactobacilli populations in the caeca when birds were 

given coarse mash diets, with the lowest counts of lactic acid bacteria being recorded in those given finely 

ground-pelleted diets. Singh et al. (2014) fed broilers diets with graded levels of coarse maize (0, 150, 300, 450, 

600 g/kg) in mash diets and found that the counts of Lactobacillus spp. and Bifidobacteria spp. increased and 

those of Clostridium spp., Campylobacter spp., and Bacteroides spp. decreased with increasing inclusion levels of 

coarse maize. In a recent study, Mohammadi Ghasem Abadi et al. (2019) reported higher count of lactic acid and 

spore-forming bacteria in caeca of 42-d broilers fed a coarse maize-based diet (6 mm screens) compared to 

finely-ground (2 mm screens) diet. When birds fed fine particles, the feed is less exposed to low pH and 

proteases in the gizzard, and ingested feed appears more quickly in the duodenum (Hill, 1971). The presence of 

such undigested material in the upper small intestine may result in aberrant bacterial populations such as 

Clostridium Perfringens, the pathogenic agent of necrotic enteritis, or E. coli, as suggested by Cumming (1994). 
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Effect of feed form (mash vs pellet) on growth performance  

It is almost a century since the pelleting process was introduced to the United States feed industry (Coffey et al., 

2016). Since its introduction, pelleting has become the most common hydrothermal process in the preparation of 

broiler diets on a global basis. Feeding pelleted diets to broilers, regardless of cereal type, particle size and bird 

age and strain, enhances the economics of production by improving growth performance and feed efficiency 

(Heywang and Morgan, 1944; Calet, 1965; Nir et al., 1995; McKinney and Teeter, 2004; Skinner-Noble et al., 

2005; Latshaw and Moritz, 2009; Abdollahi et al., 2011; Mohammadi Ghasem Abadi et al., 2019). These 

improvements have been attributed to number of factors including increased nutritional density, reduced selective 

feeding and feed wastage, less time and energy spent for feed ingestion (Hussar and Robblee, 1962; Jensen et 

al., 1962; Jones et al., 1995; Jensen, 2000). However, because the beneficial effects of pelleting on broiler growth 

always parallel the effect on feed consumption, the improved performance could be, to a major extent, attributed 

to the stimulatory effect of pellet feeding on FI (Arscott et al., 1957; Bolton, 1960; Engberg et al., 2002; Svihus et 

al., 2004; Abdollahi et al., 2013c, 2014; Massuquetto et al., 2019; Mohammadi Ghasem Abadi et al., 2019). The 

increase in bulk density of pelleted diets (Hamilton and Proudfoot, 1995), which facilitates easy prehension, may 

largely account for the higher feed consumption in pellet-fed birds. Svihus et al. (2004) suggested that higher FI 

increases WG and reduces the proportion of energy used for maintenance in relation to gain therefore improving 

feed efficiency. According to McKinney and Teeter (2004), energy content of a diet with good pellet quality could 

be reduced without compromising the growth response. It was reported that pelleting contributed 0.78 MJ 

nitrogen-corrected metabolisable energy (MEn)/kg of diet at 100% pellets (no fines), with this value decreasing 

with increasing proportions of fines to pellets, but still contributing 0.32 MJ MEn/kg for 20% pellets. Skinner-Noble 

et al. (2005) reported a contribution of 0.63 MJ MEn/kg of diet from pellets compared to mash diet. A recent study 

by Latshaw and Moritz (2009) showed that broilers fed pellets had lower heat increment and utilised more of the 

feed energy for productive purposes than those fed mash. Abdollahi et al. (2011) reported a 14% increase in FI of 

broilers due to pelleting during the starter phase (1-21 d of age). Increased FI resulted in higher intakes of 

digestible protein (250 vs 226 g/bird) and MEn (15.90 vs 14.26 MJ/bird) in pellet-fed birds compared to mash-fed 

birds. Lilly et al. (2011) showed that increasing the proportion of intact pellets from 30 to 60 and 90% in a broiler 

diet, primarily increased FI and WG. In a recent study, Massuquetto et al. (2019) reported that broilers fed a 

pelleted diet ad libitum consumed 11% more feed (2108 vs 1902 g/bird) and gained 17% higher body weight 

(1447 vs 1240 g/bird) with a 6% improvement in feed efficiency (1.442 vs 1.532 g/g) compared to their 

counterparts fed a mash diet ad libitum. However, when the pelleted diet was provided in a same amount (1900 

g/bird) as the mash diet intake (1902 g/bird), all the advantages of pelleting on WG and feed efficiency were 

disappeared, confirming that the feed consumption factor is the main driver of growth performance and the 

beneficial effects of pelleting. 

Recent studies have shown that feeding pelleted diets, had either no effect on the digestibility of nitrogen and 

starch in maize-based diets or a negative impact on energy utilisation and nutrient digestibility in wheat- and 

sorghum-based diets (Hetland and Svihus, 2001; Svihus, 2001; Abdollahi et al., 2011, 2013c, 2014; Selle et al., 

2012, 2013). These findings emphasise the importance of increased FI in achieving the considerable advantages 

of pellets over mash diets in broilers. Therefore, the improvement in growth rate and feed efficiency of pellet-fed 

birds seems to be essentially a result of reduced feed wastage, more feed and nutrient intakes and not efficient 

nutrient utilisation.  

When comparing the effect of feed form (mash vs pellet) on the performance of broilers, the degree to which the 

grains are ground is of great importance. The pelleting efficacy in terms of increased FI, WG and feed efficiency 

was reported to be higher with fine particles than with coarse particles (Nir et al., 1995; Amerah et al., 2007b). 

This finding may mostly be attributed to the lowered FI and subsequent growth depressions obtained in the finely 

ground diet compared to the coarse diet fed in mash form. Amerah et al. (2007b) reported noticeably greater FI 

increase in medium-ground than in coarse-ground wheat diets as a result of pelleting (64 vs 43%); with 
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corresponding WG responses of 84 and 53%, respectively. Similar findings have been reported by Zang et al. 

(2009) and Chewning et al. (2012). Pelleting a finely ground diet with a lack of structural texture, re-texturises the 

diet, facilitates feed consumption and subsequently enhances the growth response of broilers (Nir et al., 1995). 

The efficiency of pelleting in determining the actual broiler performance responses also depends on dietary 

nutrient density. Despite the potential for interactive effects between nutrient density and feed form in poultry, very 

few studies (Lemme et al., 2006; Brickett et al., 2007; Saldana et al., 2015) have investigated this possible 

interaction. In a recent study (Abdollahi et al., 2018), we investigated the interaction between five dietary nutrient 

densities (differing in 100 kcal AME/kg and 0.48 g lysine/kg) and two feed forms (mash vs pellet). Predictably, 

birds fed pelleted diets outperformed those fed mash diets at each density, however, the pellet-associated 

benefits were more pronounced at lower nutrient density, confirming an interaction between nutrient density and 

feed form. Pelleted diets supported a better WG by 17.1% (977 vs 834 g/bird) but this advantage was 

progressively diminished from 33.9% in very low density diets (983 vs 734 g/bird) to 6.0% in very high density 

diets (953 vs 899 g/bird). Similarly, pelleted diets supported higher FI by 16.3% (1248 vs 1073 g/bird) but this 

advantage was eroded from 23.3% in very low density diets (1322 vs 1072 g/bird) to 9.8% in very high density 

diets (1149 vs 1046 g/bird). It is tempting to suggest that more benefits from pelleting could be realised with diets 

of lesser nutrient densities, and that to maximise the pelleting benefits, dietary nutrient density should be taken 

into account. However, identifying the optimum nutrient density to be used in pelleted diets will require further 

applied research that consider issues of economy. 

Macro-structural characteristics of pellets such as physical quality (percentage of intact pellets, durability and 

hardness) and size (length and diameter) may also influence growth responses in broilers. The importance of 

pellet durability and percentage of intact pellets on bird performance is well recognised in the broiler industry 

(Proudfoot and Sefton, 1978; Moritz et al., 2001; 2003; McKinney and Teeter, 2004; Skinner-Noble et al., 2005; 

Cutlip et al., 2008; Corzo et al., 2011). However, the effects of pellet hardness, diameter and length on pellet 

quality have been usually neglected in the industry and research (Cutlip et al., 2008). Parsons et al. (2006) 

reported that pellet hardness (hard and soft textures with pellet breaking forces of 1856 and 1662 g, respectively) 

failed to influence FI, but pellets of hard texture improved WG and feed efficiency. Abdollahi et al. (2013a,b), 

evaluating different pellet diameters (3.0 vs 4.76 mm) and length (3.0 vs 6.0 mm) in broilers, revealed no effect on 

FI of broilers. Feeding pellets of lower diameter during the grower period (d 10 to 21) improved feed efficiency, but 

the response disappeared as the birds grew older (Abdollahi et al., 2013b). Abdollahi and Ravindran (2013) found 

that young broilers (7 to 14 d of age) fed pellets of 3.0 mm in length grew faster than those fed pellets of 5.0 mm 

in length, and continued to have higher FI from d 15 to 21. Increasing pellet length from 3.0 to 5.0 mm (from d 15 

to 21) reduced broiler growth rate by supressing FI. It was suggested that young broilers show a preference for 

shorter pellets (3.0 mm) compared with longer pellets (5.0 mm). In a follow up study (Abdollahi and Ravindran, 

2014) with older broilers (d 21 to 42), feeding large-diameter pellets (4.76 mm), compared with pellets of 3.0 mm 

diameter, resulted in decreased FI, WG and an impaired feed efficiency, suggesting that older broilers express a 

preference for smaller pellet diameter. Based on the above discussion, it is reasonable to assume that any 

pelleting strategy that may improve pellet physical quality, reduce the proportion of fines, and more importantly 

increase FI will result in higher nutrient and energy intakes, which in turn will improve growth responses. 

Feed form and gut development  

Although enhanced broiler performance is an advantage for pellet vs mash feeding, there are negative 

physiological consequences on the development of GIT (Engberg et al., 2002; Amerah et al., 2007b; Abdollahi et 

al., 2011; Mohammadi Ghasem Abadi et al. (2019). The gizzard mass expansion and musculature development 

have been shown to compromise in birds fed pelleted diets (Fig. 2). The reduction in the size of gizzard, with 

pellet feeding, is a logical response to the less required grinding activity as a result of particle size reduction by 

the pelleting process (Engberg et al., 2002; Svihus et al., 2004; Péron et al., 2005).  
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Figure 2:  Gizzard in broilers fed mash (a) vs pelleted (b) diets  

 

Nir et al. (1994c) stated that with increasing pelleting percent, relative weight of gizzard, as well as length of 

jejunum and ileum decreased. Pelleting degrees in their study were: 0 (mash), 0.5 (mixture of mash and soft 

pellets [pelleted once]), 1 (soft pellets), 1.5 (mixture of soft pellets and hard pellets [pelleted twice]) and 2 (hard 

pellets). Amerah et al. (2007b) and Abdollahi et al. (2011) found that relative empty weight of intestinal segments 

was greater in birds fed mash diets than those fed pelleted diets. Mirghelenj and Golian (2009) showed that 

pelleting reduced the relative length of caeca. The same result was reported by Abdollahi et al. (2011), who found 

a heavier caeca weight in mash-fed compared to pellet-fed birds. A lower weight of caeca may cause a higher 

amount of water being excreted relative to FI (Maisonnier et al., 2001). As recycling and reabsorption of water 

occurs largely in the caeca and colon, the poor caecal development in birds fed pelleted diets has implications for 

water loss and conservation (Svihus et al., 2013). 

The upper GIT (crop, proventriculus and gizzard) is the main action site of exogenous enzymes (Selle and 

Ravindran, 2007). The average retention time in the digestive tract, excluding the caeca, is probably around 3 to 4 

h (Svihus, 2011). Of this, digesta possibly spends only 60 to 90 min in the anterior digestive tract, which gives 

only limited opportunity for enzyme action. An elevated gizzard pH and a short digesta retention time, due to an 

under-developed gizzard, are physiological limits to optimal digestion in poultry. This complex matrix of conditions 

(pH and retention time) becomes even more limiting when birds are fed pelleted diets (Abdollahi et al., 2013c). 

According to Liu et al. (2015), a negative correlation (r = -0.451) exists between relative gizzard weight and 

gizzard pH. There is evidence that gizzard pH is relatively higher with pelleted diets compared to mash diets 

(Huang et al., 2006; Frikha et al., 2009; Naderinejad et al., 2016), attributed mainly to the pH of feed (5.5 to 6.5), 

higher FI and possibly lower HCl secretion (Svihus, 2011).  

Effect of feed form on intestinal morphology and microbiota profile 

Data on the effect of feed form on the intestinal morphology in broiler chickens are scant. Greater villus height in 

both the duodenum and jejunum of pellet-fed birds compared to mash-fed birds were observed by Amerah et al. 

(2007b) and Naderinejad et al. (2016, Fig. 3). Zang et al. (2009) reported an increase in villus height and villus 

height to crypt depth ratio in the small intestinal mucosa of broiler chickens fed pelleted diets compared with those 

given mash diets, with no effect on crypt depth. Mohammadi Ghasem Abadi et al. (2019) also found greater villus 

height and lower goblet cell number in the duodenum of broilers fed pelleted diets than those fed mash diets. 

These findings might be considered as a general response of the digestive and absorptive capacity to the greater 

load of nutrients in pellet-fed birds. Higher villus height may increase the absorptive area and subsequently the 

transport of the nutrients at the villus surface (Cera et al., 1988). 

In the small intestine of poultry, the major bacterial species are lactic acid-producing bacteria, especially 

Lactobacilli that offer health benefits to the host (Barnes, 1972; Engberg et al., 2002). The microbiota profile and 

activity in the broiler GIT have shown to be influenced by the physical form of feed. Bjerrum et al. (2005) found 

that pellet-fed birds had higher numbers of Salmonella in gizzards compared with those fed whole-wheat diets. 
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Engberg et al. (2002) reported that pellet-fed birds had lower counts of Lactobacilli and C. perfringens and higher 

counts of Coliform and Enterococci in the ileum compared to mash-fed birds. 

Figure 3:  Villus height and crypt depth in duodenum of mash (a) vs pellet-fed (b) broilers 

 

Huang et al. (2006) showed that birds fed pelleted diets had higher concentrations of short chain fatty acids 

(SCFA) in the gizzard compared with those fed mash diets, however, the increased SCFA in gizzard was not 

accompanied with lower pH in gizzard of birds fed pelleted diet. Undigested fine particles in pelleted diets can 

enter the caeca and become available for microbial fermentation. Microbial fermentation in terms of volatile fatty 

acid concentrations was found to be higher in the caeca of pellet-fed birds. Huang et al. (2006) reported that 

feeding pelleted diets increased ceca concentration of SCFA. This might be due to the substantial particles size 

reduction during the pelleting process; so that nutrients that entered the cecum can be easily available for 

microbial fermentation. These researchers also reported that birds fed pelleted diets had higher concentration of 

Salmonella in cecum than those fed mash diets. It was concluded that reduction of ceca pH caused by high 

concentration of SCFA in broilers fed pelleted diets was not effective in reducing Salmonella colonisation. 

Lowering gizzard pH by stimulating HCl production (through feed structure) can be used as a strategy to reduce 

the ceca concentration of Salmonella. Goodarzi Broojeni et al. (2016) in a review of hydrothermal processing on 

intestinal microbiota reported that gizzard is an important part for reduction of Salmonella contamination in 

broilers. 

Conclusions 

Particle size distribution in mash diets must always be considered in relation to the cereal used, age of the bird 

and hardness of grain. Fine grinding of wheat in broiler diets, due to an increased digesta viscosity with 

subsequent depressed FI and growth performance, should be avoided. Coarsely ground maize in mash diets if 

fed to young chicks may increase energy-draining grinding function of gizzard and compromise growth. Because 

the size differences between coarse and fine particles are less pronounced in pelleted diets compared to mash 

diets, the performance response of broilers fed mash diets varying in particle size cannot be extrapolated to 

pelleted diets. The use of coarse grain particles in pelleted diets does not impair the performance and, could even 

benefit feed efficiency. There are several mechanisms that underpin the advantages of pellet feeding over mash 

diets, but the foremost factor is simply the increased FI through facilitation of easy ingestion. Feed intake if 

suppressed can result in a marked performance loss in fast growing birds. Therefore, any strategy, such as 

pelleting, capable of increasing feed consumption will improve broiler production. Whilst the importance of feeding 

pelleted diets to broilers is no longer questionable, its benefits are influenced by dietary nutrient density and 

macro-structural characteristics of pellets. 

Optimum functionality of GIT in broilers is essential to enhance performance. Broilers appear to have the ability to 

adjust development of their GIT and digestive functions according to diet structure. Of the various feed processing 

operations, grinding and pelleting are the important ones influencing the GIT development in broilers. A 
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dysfunctional upper digestive tract may lead to increased level of undigested nutrients at ileum and ceca level, 

which can cause morphological and microbiological changes. Although pelleting reduces particle size and can 

shorten the retention time in the gizzard, it seems that beneficial influence of coarse particles may still exist after 

pelleting. Enhancing the feed structure through the inclusion of coarse particles can stimulate the gizzard 

musculature, therefore, holds promise to mitigate the concerns around the sub‐optimal functionality of the upper 

part of the digestive tract and gut health that has been an issue with feeding highly processed diets. 
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