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Abstract  
 

The aim of the study was to investigate the effect of moisture content on physical quality of 

extruded pellets such as hardness, DORIS value, water stability, bulk density, length and 

diameter. The experimental diets were also fed to Atlantic salmon in order to investigate effect of 

moisture of extruded pellets on weight gain, feed intake and feed utilization. A 91-day feeding 

experiment was carried out using fish with 968 g average initial weight, kept in seawater at 

9.4 °C. Four experimental diets differing in water content were produced by adjusting drying 

time. The diets contained 2.5% (diet A), 5% (diet B), 7.5% (diet C) and 10% (diet D) of moisture. 

Diet C was soaked in salt water for 2 h before feeding and labelled diet E.  

 

Significant differences among diets were found in hardness, DORIS value, water stability, bulk 

density, pellet length and diameter. Diet D with highest moisture level (10%) showed higher 

hardness, higher bulk density and less broken pellets compared to the other diets. Diet A with the 

lowest moisture level (2.5%) had significant lower water stability than the other diets after 60 

min and 120 min in shaking water bath. After 240 min incubation in the shaking bath, diets D 

and E showed numerically higher water stability compared to the other three diets. High bulk 

density was associated with harder and less broken pellets. High hardness of pellets was 

associated with higher water stability. Atlantic salmon fed diets D and E had in average a 

non-significant but numerically higher weight gain, feed intake, specific growth rate, specific 

feeding rate, thermal growth coefficient compared to the other dietary treatments. A 

non-significant but numerically lower feed conversion ratio was observed fed fish with diet D 

compared to the other diets. 

 

In conclusion, the present experiment showed that increasing moisture level in diets significantly 

improved physical quality of pellets, but had no effect on weight gain, feed intake or feed 

utilization. A numerical higher feed intake of the diets with highest moisture level indicated that 

elevated moisture level may have a potential to increase feed intake. 

 

Keywords: Extruded diets, Moisture, Physical quality, Feed intake. 
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1. Introduction 
 

Salmon farming has grown into a large industry in Norway. The farmed Atlantic salmon 

production has increased from 111,337 tons in 1989 to approximately 944,000 tons in 2010 

(Fiskeridirektoratet, 2011). The quality of feed is important because the feed cost comprises 

more than 50% of the production cost of Atlantic salmon in Norway (FAO, 2009). High 

utilization of feed is hence important to reduce production cost and also to reduce emissions of 

nutrients to the water. According to Hardy (1989), a fish feed should meet the nutrient 

requirement of the fish and have a suitable size and texture that stimulate feed intake. Many 

studies have been carried out in order to evaluate the nutritional value of different ingredients 

and how they affect the nutrient digestibility, growth performance and feed intake of fish 

(Mundheim et al., 2004; Drew et al., 2007; Gatlin et al., 2007; Glencross et al., 2007). Some 

studies have also addressed the causes for variation in physical quality of feed (Sørensen, 2012), 

and the interaction between nutritional and physical quality (Baeverfjord et al., 2006; Glencross 

et al., 2010; Aas et al., 2011a). The physical quality of feed is affected by feed ingredients and 

processing conditions during production of fish feed (Sørensen et al., 2011a). Ideally the feed 

production process should improve nutrient digestibility, palatability, pellet durability, water 

stability and pellet shelf life (Barrows et al., 2007), and thereby improve the growth performance 

and feed efficiency of fish fed high quality feed.  

 

The demand for aquafeeds worldwide was increasing at an average rate of 10.9 percent per year 

since 1995 to meet the requirement of aquaculture (FAO, 2011). The extrusion processing 

technology was introduced to the Norwegian fish feed industry in 1980’s and has become the 

predominant process in the manufacturing of fish feed. In 2010, about 1.34 million tons of feed 

consumed in Norwegian fish farming were extruded (Sørensen et al., 2011b). 

 

Extrusion is defined as “the process by which moistened, expansible, starchy, and/or 

proteinaceous materials are plasticized in a tube by a combination of moisture, pressure, heat, 

and mechanical shear” (Smith, 1976). Feed pellets are shaped when the dough is forced through 

a specifically designed die opening. During the extrusion process, high temperature (120-130 °C) 

and high pressure (20-30 bar) are used to melt particles and knead the ingredients into a dough. 
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The residence time of the feed at elevated temperature is short (5-10 sec). The nutritional value 

of the feed is thus not negatively affected (Sørensen, 2003; Sørensen et al., 2005; Barrows et al., 

2007). The heat and high moisture level facilitate gelatinization of starch and denaturation of 

proteins, thus enhance the nutritional and physical quality of the feed. Extrusion can be used to 

improve nutritional value of a fish diet. Barrows et al. (2007) showed that high temperature 

(127 °C) and short time in the extruder barrel gave greater weight gain of rainbow trout 

compared to low temperature (93 °C). Extruded feeds are porous, and have a great potential to 

absorb fat (up to 400 g oil per kg feed) post extrusion, in order to produce high-energy feeds 

(Sørensen, 2003; Sørensen et al., 2011a). 

 

1.1 Production of fish feed-the feed manufacturing line 

 

The manufacturing line includes the following components: receiving and storing of main 

ingredients, milling, batching, mixing, extruding, drying, cooling, vacuum coating and packaging. 

The processing below is based on Schofield (2005). 

 

1.1.1 Receiving and storing of ingredients 

 

Receiving the ingredients is the first step of the manufacturing line, which includes receiving and 

placement of ingredients, weight verification, initial inspection, sampling, and quality control of 

each ingredient. Before unloading, the quality of feed ingredients need to be analyzed in order to 

ensure that they all meet the required specification. The ingredients (dry ingredients and liquids) 

are received in either bulk trucks or railcars. Special attention must be paid to the dust control at 

unloading area because here is the largest dust emission area in a feed plant.  

 

The ingredients are stored by different means at a feed plant depending on its usage, quality and 

price. However, all of them are based on “first-in, first-out” principle. Dry ingredients are usually 

stored in silos with live-bottoms, vibrating or other agitating to avoid bridging. Liquids such as 

amino acids or molasses are usually stored in specific tanks with pumps according to the 

manufacturing’s recommendation to keep freshness. To prevent oxidation of fats and oils, 

ingredients may need heating or supplementation of antioxidants. Microingredients are the 

materials added in small quantities (mg, ug), such as vitamins, elements and astaxanthin. They 
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are usually stored in special bags or containers. The size of feed mill storage depends on the 

percentage of each ingredient used in formulation and the amount used every day. During storage, 

moisture level needs to be strictly controlled to avoid destruction by mould, bacteria or insects. A 

good storing management is required to ensure that the ingredients are in normal condition 

before they are used in the production. 

 

1.1.2 Milling (particle size reduction) 

 

Milling or grinding is used as a mean to reduce the particle size of ingredients. Compression and 

impact are the main principles for reduction of particle size. Fine milling increases the surface 

area of particles, resulting in improved digestion, binding between particles and increased 

particle homogeneity. Moreover, milling eliminates germination ability of seeds. The increased 

surface area also improves water absorption and distribution of water in the particles. Water is 

important for starch gelatinization and protein denaturation. The milling also result in contribute 

improved physical and nutritional quality.  

 

1.1.3 Batching and mixing 

 

Batching and mixing is carried out to ensure that all the ingredients are added in the right amount 

defined by the specific formula. Ideally, each pellet or mouthful should contain the accurate 

amount of nutrients. Continuous or batch mixing systems are used. The continuous system is 

batching ingredients continuously into the mixer. Ingredients are weighed individually on a scale 

and added directly in to the mixer. Optimal mixing time is depending on mixer type, usually 2-4 

minutes in modern feed industry. During the mixing cycle, macro and micro ingredients are 

homogenously mixed. The mixed batch of ingredients are then transferred to a supply bin 

installed in front of the extruder serving a temporarily storage to ensure a homogeneous mash 

flow through the extruder. 

 

1.1.4 Extrusion production line 

 

The extrusion line includes: a supply bin, delivery system, pre-conditioner, extruder barrel and 

die (Figure 1).  
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Figure 1. Common components on the extruder line (Brent, 1999). 

 

The feed delivery system is conveying the mixed feed ingredients from the holding bin into the 

pre-conditioner. Ingredients can be metered by either volumetric or gravimetric systems. The 

specialized metering device controls the production capacity and provides a uniform flow. The 

gravimetric feeder has a more complex design and is more expensive compared to volumetric 

feeder. Use of gravimetric feeding system allows operational control, and feeding rate can be 

changed with bulk density of ingredients. The production capacity can be changed by adjusting 

the velocity (rpm) of the feeder. 

 

The metered dry and liquid ingredients are added separately into the pre-conditioner where they 

are mixed, heated and moisturized by contact with hot water or steam. The pre-conditioner 

usually consists of one or two chambers (atmospheric or pressurized) with one or two 

mixing/conveying elements and one or two rotating shafts. The normal retention time is ranging 

from 60 to 300 sec, and the temperature from 80 to 95 °C during this process (Strahm, 2000; 

Beyer, 2007). During pre-conditioning, the feed mash is mixed with water and steam. During the 

process, particles are softened, starch start to gelatinize and protein begin to denature. A good 

cooking is achieved with optimal moisture level, proper retention time and temperature. Other 
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advantages of pre-conditioning are reduced mechanical power consumption and wear of extruder 

barrel, as well as improved capacity of the extruder and enhanced texture of the final products.  

 

The extruder barrel consists of one or two screws and barrel segments. It is the heart of the 

process where the main transformation of ingredients is taking place, defining the final feed 

characteristics. Depending on the number of screw in the barrel, extruders are generally 

classified into single-screw and twin-screw extruders. Compared to the single-screw extruders, 

twin-screw extruders are normally designed to add a higher moisture content and higher thermal 

energy during the operating process. Moreover, twin-screw extruders allow greater flexibility in 

ingredients selection.  

 

The extruder screws are made up by different elements and can differ in configuration. Shear 

locks are used to interrupt the mash flow and influence mixing. The screw configurations of the 

extruders barrel generally include three major processing zones: feeding, kneading and final 

cooking (Figure 2). In the feeding zone, feed mash with low density is entering the inlet of the 

extruder barrel, and distributed into extruder processing chamber. Water may be added into the 

barrel in this zone aiming to improve viscosity and texture of feed mash and enhance heat 

transfer. In the kneading zone, pressure starts to develop as the degree of screw fill increases. 

Steam may be added in this zone to increase the thermal energy input. Moderate shear is 

achieved in the kneading zone, temperature start to increase and a dough-like mash appears. As 

the mash is conveyed to the cooking zone, the temperature and pressure is increasing rapidly. 

The shear rate is highest in this area before feed mash is forced through the die(s) to get the final 

shape. The pressure in front of the die can vary between 20-40 bar.  
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Figure 2. The figure is showing three principal different regions on the screw (Rokey, 2000). 

 

The extrusion die is mounted at the discharge of extruder. The die(s) make restriction to the flow 

of mash, resulting in pressure build up. Numbers of extruder die vary with die hole diameter and 

die thickness. The pressure of die, temperature and capacity in the extruder are affected by die 

configuration. Consequently, the physical characteristics of final products such as sinking 

velocity, bulk density, fat absorption and fat holding capacity are influenced by the open orifice. 

The speed of the knife and the number of blades in the knife are determining the length of pellets. 

When pellets are forced out of the extruder, steam flash off resulting in pellets expansion. 

 

1.1.5 Drying  

 

High moisture level facilitates growth of fungus and bacteria in feed. The main purpose of drying 

is to reduce feed moisture to a level where mould and bacteria do not grow. Normally, feed is 

dried to a moisture level below 10% to achieve satisfactory shelf life. In principle, horizontal and 

vertical types of driers can be used on extruded pellets. The two designs use air to remove 

moisture. The main difference is that horizontal dryer has a cross flowing air pattern with air 

flowing either up or down through the product bed. The vertical dryer is using counter flow 

principle, with air flowing from bottom to top of the dryer and pellets dropping from the top to 

the bottom. The feed release water until moisture level has reached the target level. The air 

temperature can range from 100 to 200 °C. The drying efficiency is affected by air moisture and 

targeted moisture level in the final extruded feed. 

 

1.1.6 Cooling 

 

After drying, the moisture in feed will be stable and temperature can be high (above 80 °C). 
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Cooling process aims to reduce feed temperature. Feed needs to be cooled to ambient 

temperature in order to prevent condensation inside the bag. 

  

1.1.7 Coating 

 

High energy feeds may have up to 40% fat (Sørensen, 2012). Most of the fat has to be added post 

extrusion, usually by vacuum coating. The working principle of this process is to create vacuum 

inside the pellets. The pellets are then sprayed with oil. As the vacuum is released, the oil will be 

sucked into the pellets. In order to absorb oil, the pellets need to have a porous structure. Also the 

moisture level should be lower than 8%. Too much moisture in the pellet may reduce fat 

absorption. 

 

1.2 Effects of extrusion processing on nutritional quality of the feed 

 

Modern nutrient-dense diet for fish is a mixture of ingredients optimized to meet the nutritional 

requirements. Nutritional quality of the feed is usually defined by chemical composition and the 

ability of the target animal to utilize the dietary nutrients for growth (Morken, 2011). Depending 

on species and age the salmonid feed contain: 40-60% protein, 20-40% fat, 10-20% 

carbohydrates, 5-12% moisture, vitamins and minerals. Extrusion processing may change 

chemical and nutritional quality of diets (Singh et al., 2007), and consequently improve or reduce 

feed utilization, depending on the processing conditions such as temperature, moisture, shear and 

retention time applied during processing.  

 

Extrusion process causes chemical and physicochemical reactions in raw materials (Camire, 

2001). During the process, physicochemical reaction usually occur at an early stage, while 

chemical reaction take place at a later of stage (Camire, 2000). The moderate heat treatment 

(temperatures < 150 °C) facilitate gelatinization of starch and hydration of proteins, leaving 

starch and protein more susceptible to digestive enzymes, improving nutritional quality of diet 

(Guy, 2001; Barrows et al., 2007; Morken et al., 2011). When the feed mash is passing though 

the die, the release of steam and pressuse cause expansion and gelatinization of starch as well as 

protein denaturation (Shankar and Bandyopadyay, 2005). Gelatinized starch increase the 

viscosity of the dough (Lundblad et al., 2011), and is important for binding and expansion of 
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pellets. Utilization of starch in carnivorous species is also impoved by gelatinization (Krogdahl 

et al., 2005). However, starch should be added to a minimum to the salmonids diets because 

carnivorous fish have limited ability to digest starch (Sargent et al., 2002). Heat used in the 

process is also denaturing protein, reducing the level of thermolabile anti-nutrients present in 

plant material, resulting in improved protein digestibility in fish (Francis et al., 2001; Ibrahim et 

al., 2002; Denstadli et al., 2006).  

 

Excessive heating especially in combination with low moisture level, may reduce protein 

digestibility by destroying the primary structure of protein and inducing indigestible bonds 

among individual amino acids, such as disulphide bonds and cross linked amino acids (Opstvedt 

et al., 1984; Chen et al., 2011). The protein quality can also be reduced by Maillard reaction 

between an amino acids (especially lysine) and a reducing sugar.  

 

Different ingredients have unique processing characteristis, thus, in order to obtain acceptable 

nutritional quality, extrusion conditions need to be adjusted according to the different ingredients 

and target animal (Romarheim, 2007; Sørensen, 2011a). 

 

1.3 Effects of ingredients and extrusion processing on physical quality of the feed 

 

The physical quality of feed is defined as the ability of feed to withstand handling and 

transportation without forming excessive amount of dust as well as fine particles. Variation in 

physical quality are observed among commercial diets because a range of ingredients are used in 

aquatic feed (Houlihan et al., 2001; Refstie et al., 2006; Sørensen et al., 2009). Feed processing 

parameters and extruder configuration used in fish feed production also affect physical quality of 

extruded fish feed (Sørensen et al., 2009, 2010, 2011).   

 

Physical characteristics of extruded fish feed are usually defined by properties such as durability, 

hardness, water stability, bulk density, oil absorption, oil leakage, expansion ratio and sinking 

velocity. These properties were previously tested with different methods. For example, durability 

of pellets can be tested using the DORIS tester, Holmen tester, Lignotest and other test devices 

(Askeland et al., 2002; Aas et al., 2011b; Sørensen, 2011a). These tests aim to evaluate the 
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capability of the pellets to withstand stress from pneumatic or mechanical conveying without 

generating excessive amount of fractures and fines (Sørensen, 2012). DORIS tester is a new 

device developed for high-energy extruded feed (Aas et al., 2011b). Holmen- and Ligno-test are 

most often reported for uncoated feed because of problems with oil leaking when high-energy 

extruded feed are tested (Sørensen, 2012). Sørensen et al. (2011a) reported that DORIS value 

(DV) showed a significant negative correlation with Holmen durability (HDI). Thus DV can be 

used to instead of HDI. Hardness determines the maximum force needed to crush pellets 

(Thomas and van der Poel, 1996). “Texture- Analyzer” and other test devices, e.g. Kahl device 

are often used to measure hardness.  

 

Modern fish feed is multisource-based, and today plant ingredients are to a large extent replacing 

fish meal and oil. Compared to fish meal, plant sources with a low degree of processing are 

inexpensive. Moreover, some studies have reported that use of plant ingredients may improve 

physical quality of extruded feed (Sørensen et al., 2009; 2010; 2011a; Øverland et al., 2009; 

Kraugerud et al., 2011; Morken et al., 2011). Functional properties of plant ingredients seem to 

improve bonding between particles (Svihus et al., 2005). The functional properties of starch vary 

among starch sources and is associated with structure of starch granules, amylose : amylopectin 

ratio and chemical composition (Svihus et al., 2005). Starch gelatinization is affected by 

temperature and free water in the feed production system (Sørensen, 2012). Sørensen et al. (2009) 

showed that physical quality of feed such as bulk density, durability and hardness was improvd 

when soybean meal (toasted or untoasted) was included in extruded feeds. Sørensen et al. (2010) 

showed that pea and wheat starch had different viscosity resulting in different physical quality of 

extruded feeds. However, Kraugerud et al. (2011) observed that diets containing protein-rich 

sunflower and rapeseed gave more durable and harder pellets than diets containing starch-rich 

legumes. These findings suggest that starch is an important, but not unique binder in extruded 

feed.  

 

Water added either as steam or liquid is an important plasticizer during extrusion. Besides, 

moisture itself is a binder and is activating other binders such as starch, proteins, soluble 

carbohydrates when combined with high temperetures (Lundblad et al., 2009). Earlier studies 

have shown that moisture is a process variable significantly affecting final product properties 
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(Chevanan et al., 2007, 2008; Draganovic et al., 2011). Draganovic et al. (2011) reporeted that 

feed moisture was the main factor determining bulk density and oil absorbtion capacity. Water 

absorption capacity of ingredients is affected by chemical composition and physical state of 

water, as well as particle size distribution of ingredients (Draganovic et al., 2011). Small particles 

in the feed mash are more easily soften and hydrated than big particles, hence reducing particle 

size improve physical quality of pellets.  

 

Phycical quality of pellets is also affected by extruder configuration and processing parameters 

(Thomas et al., 1997). Extruder parameters can be adjusted according to the materials used when 

producing extruded feed (Sørensen et al., 2010). The process can threrefore be optimized to 

utilize functional properties of ingredients in order to improve physical quality of feed.  

 

Screw configuration is affecting the cooking of starch and protein by changing resistence time 

and energy input to the dough (Gogoi et al., 1996). Increasing the specific mechanical energy 

(SME) and temprature during extrusion processing increase starch gelatinization (Cai and 

Diosady, 1993; Gropper et al., 2002), improving durability and hardness of pellets (Cai and 

Diosady, 1993; Yoshitomi, 2004). Sørensen et al. (2010) showed that different screw 

configuration generated it’s own unique SME and screw configuration significantly affected 

physical quality such HDI and hardness of pellets when different starch sources were used. 

Changing screw speed (RPM) affected SME (Sørensen et al., 2011a). Increasing screw speed 

from 220 to 300 RPM gave a greater expansion ratio and improved HDI and oil absorption of 

pellets. Some studies also indicated that SME was affected by ingredients (Kraugerud, 2008; 

Øverland et al, 2009; Sørensen et al., 2009; Kraugerud et al., 2011). For example, Sørensen et al. 

(2009) reported that diets containing fish meal, toasted soybean meal (SBM) white flakes 

generated different SME when extruded with a standardized screw configutation, resulting in 

different physical quality of pellets.  

 

1.4 The interaction between physical and nutritional quality 

 

A few previous studies have shown the interaction between physical and nutritional quality. One 

of the earliest study was carried out by Hilton et al. (1981). This study reported that the extruded 
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feed was more durable, had better water stability and higher water absorbtion. The extruded diets, 

however, gave prolonged gastric emptying rate and reduced feed intake in rainbow trout 

compared to steam pelleted diets. In line with the latter experiment, Venou et al. (2009) showed 

similar results with gilthead sea bream. Extruded feed reduced feed intake, feed utilization and 

gave prolonged gastric retention time. Aas et al. (2011a) showed that feed with high water 

stability had the highest at pellet hardness, lower dust formation and broken pellets concurrent 

with lower feed intake in rainbow trout. Diets with low water stability gave accumulation of free 

oil in the stomach that may lead to oil-belching (Baeverfjord et al., 2006; Aas et al., 2011a). 

Other physical quality, e.g. hardness may also affect nutritional quality. Glencross et al. (2011) 

reported higher feed intake in rainbow trout fed diets with increasing level of lupin that resulted 

in higher hardness. Pubilished literature have reported longer gastric retention time and reduced 

feed intake with higher water stability of pellets. However hardness may have less or no affect on 

feed intake in salmonids. Never the less, these studies suggest that there may be a correlation 

between physical and nutritional quality of feed. 

 

1.5 Aim of study 

 

Interaction between physical quality of extruded and nutritional response is poorly understood. 

No studies have previously reported the effect of varying moisture content on physical quality of 

extruded high energy feed and the nutritional response when fish are fed with these diets. The 

aim of the present study was, therefore, to investigate the effect of moisture content of extruded 

diets on physical quality of pellets, feed intake, feed conversion and growth of Atlantic salmon.  
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2. Materials and methods 
 

2.1 Diets 

 

Four extruded commercial fish diets differing in water content (2.5%, 5%, 7.5% and 10%) 

denoted diet A, B, C and D were produced at BioMar pilot plant Tech Centre in Brande, 

Denmark. Different water content was achieved by drying intensity. Diet C was soaked in 35‰ 

salt water for 2 h to dry matter (DM) of 90.6% and labelled diet E. The soaking procedure was 

developed by researchers at Sunndalsøra. The soaking of pellets was carried out before analysis 

of physical quality. Pellets from diet C was placed into a beaker. Seawater was poured into the 

beaker until all the pellets were covered. The pellets were soaked for 2 h and were kept in a 

cooler (4 °C) during the soaking. After the soaking, seawater was drained off the pellets. I used 

the same procedure, and soaking of pellets was carried out with seawater from Sunndalsøra. 

Analysis of physical quality was carried out immediately after the soaking procedure. 

 

Physical quality of pellets were tested on all five diets, that had the same ingredient composition, 

but differing in moisture content. The diets were stored in a cooler at 4 °C until use. The 

experimental diets were produced two times, and diet from the second production was used in 

the feeding experiment. Diet from the first feed production was labelled (A1, B1, C1, D1, diet D1 

was soaked and labelled E1). The diets from the first feed production were intended for a feeding 

experiment with Atlantic salmon. The feeding experiment was however terminated because the 

feed intake (FI) never came up to the expected level with these diets. It was therefore decided to 

produce new diets. In order to compare diets from the two productions, physical quality of all 

diets were analyzed.  

 

The formulation of the diets and feed processing parameters is proprietary of the feed producer, 

but were standardized for both feed production. All diets were dried in a 6 layer colum drier. In 

order to achieve targeted moisture content of diet, different retention time were used for the diets 

(Table 1).  
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Table 1. Temperature and cycletime for drying of diet A, B, C and D 

 

 

 

 

2.2 Fish trial 

 

A total of 240 Atlantic salmon at average initial weight of 968 g were used in a growth 

experiment carried out at Norfima, Sunndalsøra, Norway. The fish, 16 fish per tank (size: 1 × 1 

m
2
, water depth 36 cm) were kept in 25-27 l/min flow of seawater with an average temperature 

of 9.4 °C. The oxygen saturation of water changed between 92-102% during experiment and the 

salinity was 35‰. The fish was exposed to 24 h
-1

 artificial light per day. Each diet was fed to 

triplicate tanks of fish for 91 days.  

 

The fish were fed one meal per day lasted for about 30 min, using electrically driven belt feeders. 

The amount of diet was adjusted every day based on the FI for the last three days aiming at 20% 

over feeding. The daily FI was calculated according to Helland et al. (1996). The uneaten diet 

was collected from the outlet water of each tank with wiremesh screens.  

 

At the termination of the experiment, 16 fish each tank (48 fish per diets) were weighted and 

inspected for sex maturation. The fish were anesthetized before weighting.  

 

2.3 Chemical and physical quality analysis of the diet 

 

The chemical composition of the diets was analyzed by Nofima, Sunndalsøra, Norway (Table 2). 

I analyzed DM by crushing pellets in a porcelain mortar prior to drying in the heating cabinet at 

104 °C for 18 h. 

 

 

 

 

 

  Diet A Diet B Diet C Diet D 

Tempereture (°C) 117 118 117 118 

Cycletime (min) 350 230 115 50 
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Table 2. Chemical composition of the diets 

 

Physical quality of the diets was evaluated by measuring hardness, length and diameter, bulk 

density, DORIS durability and water stability. 

 

Hardness or strength at rupture, and diameter of pellets was measured using a Texture-Analyser 

(TA-XT2
®
, Model 1000R; SMS Stable Micro Systems, Blackdown Rural Industeries, Surrey, 

UK). The length of pellets was manually measured by use of an electronical digital caliper. This 

procedure was carried out as described by Aas et al. (2011b).  

 

The bulk density of the pellet was analyzed by loosely filling up a 1 liter cylinder with pellets, as 

  Diet A Diet B Diet C Diet D 

Diet E 

(Soaked 

diet C) 

Dry matter (DM, g kg
-1

) 956  933  917  903  906  

In dry matter: 
     

  Crude protein
1 

(g kg
-1

) 375  367  371  369  372  

  Crude lipid (g kg
-1

) 347  350  351  349  355  

  Starch (g kg
-1

) 57.7  54.9  57.0  57.0  55.8  

  Energy (MJ kg
-1

) 26.3  26.1  26.0  26.3  26.2  

Minerals: 
     

  Yttriumoxid (g kg
-1

) 0.47  0.46  0.45  0.47  0.45  

  Phosphorous (g kg
-1

) 10.7  10.7  10.7  10.7  10.4  

  Calcium (g kg
-1

) 9.6  9.7  9.9  9.5  9.7  

  Magnesium (g kg
-1

) 2.1  2.1  2.1  2.1  2.5  

  Sodium (g kg
-1

) 3.1  3.0  3.2  3.1  5.8  

  Iron (mg kg
-1

) 210  212  212  205  259  

  Manganese (mg kg
-1

) 32.2  33.6  33.9  31.8  31.5  

  Zinc (mg kg
-1

) 178  169  169  168  165  

  Copper (mg kg
-1

) 10.2  10.0  10.1  10.5  9.6  

1
N × 6.25 
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described by Aas et al. (2011b). The pile of pellets exceeding the edge of cylinder was removed 

by scraping a ruler one time over the top. The cylinder with pellets was then weighted on a 

balance. Triplicate measurements were carried out and bulk density (g L
-1

) of each replicated was 

calculated as mass of the sample (g) to the unit volume of the sample (L).   

 

DORIS durability was measured in a DORIS tester (AKVAsmart Bryne, Norway). Pellet (350 g) 

samples were run through the DORIS tester. The samples were then sieved in a sieving machine 

(Retsch GmbH, Haan, Germany) with three sieves (mesh size 8 mm, 5.6 mm and 2.36 mm) and a 

collector, at 1.5 amplitudes for 30 sec. Each fracture remaining on the sieves and on the bottom 

collector was weighted. Every sample was tested in triplicates. The pellets collected on the 8 mm 

screen were considered as whole pellets, the fracture collected on the 5.6 mm screen were 

reported as large fracture, the fracture collected on the 2.36 mm were reported as small fracture, 

and the dust (< 2.36 mm) on the bottom collector was reported as fines. The sum of the 

percentage of fines and fracture (2.36-8 mm) is reported DORIS value (DV). 

 

Water stability was tested in a shaking water bath (Julabo labortecknik GmbH, Seelbath, 

Germany) (software version: SW22 n2.6). This procedure was carried out according to 

Baeverfjord et al. (2006). A sample of 20 g pellets was placed into circular wire netting baskets 

with 3 mm mesh size and a diameter of 8 cm. The baskets with pellets were then placed into 

beakers (600 ml) and 300 ml distilled water was added. Six beakers were placed into the water 

bath in each testing cycle. Three replicates per diet were incubated in the water bath at 25 °C, 

110 rpm shaking frequency for 60 min, 120 min and 240 min, respectively. When the shaking 

process was completed, the baskets were gently taken from water bath and weighted, then placed 

into the heating cabinet at 104 °C for 18 h. The baskets were weighted again after drying process. 

Water stability (%) was calculated as the DM (%) remained in the basket after incubation divided 

by DM (%) before incubation. 

 

2.4 Calculations and statistical analyses  

 

Fish growth performance were calculated using the following equations: 

Weight gain (WG) = Initial body weight (IBW, g) – Final body weight (FBW, g) 
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Feed intake (FI) = Cumulative feed intake (g, dry weight) / Fish number 

Feed conversion ratio (FCR) = Feed intake (g, dry weight) / Weight gain (g, wet weight)  

Specific growth rate (SGR) = 100 × [ln final body weight (g) – ln initial body weight (g)] / Days 

fed 

Specific feeding rate (SFR) = Specific growth rate × Feed conversion ratio 

Thermal growth coefficient (TGC) = 1000 × [final body weight (g) 
1/3

 – initial body weight (g) 
1/3

] 

/ Sum daydegrees 

 

The physical quality and fish trial data were analysed by using the SAS system 9.2 for Windows 

(SAS Institute Inc., Cary, NC, USA). The fish trial was run with triplicate tanks, each tank was 

the experimental unit. The dependent variables bulk density, DORIS durability, hardness, 

diameter, water stability, IBW, FBW, WG, FI, FCR, SGR, SFR and TGC were tested by using 

one-way analysis of variance (ANOVA). The results were presented as mean ± S.E.M. (standard 

error means) for each diet. Significant differences among means were shown as P ≤ 0.05, P 

values between 0.05 and 0.1 were referred to as trends, while P values large than 0.1 were 

regarded as non-significant difference. The correlation analyses were determined using the 

Pearson correlation coefficients procedure. 
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3. Results 
 

3.1 Composition of the diet 

 

The chemical composition of the experimental diets is shown in Table 2. The DM of diets was 

decreased with increasing moisture level in diets. Analysis of the DM of diet E (soaked diet) was 

90.6%. Our DM analysis was higher than when the soaking procedure was established at 

Sunndalsøra. The researchers at Sunndalsøra obtained a DM content of 73.2% after two hours 

soaking. Magnesium, Sodium and Iron content were higher in diet E compared to diet C.  

 

3.2 Physical quality of the pellet 

 

The physical quality of extruded diets (A, B, C, D and E) with different moisture content is 

shown in Table 3. Significant differences among diets were found in pellet length, diameter, bulk 

density and hardness. Diet A was significantly longer than diets B, C and D, and diet C was 

significantly longer than diets B and D, while diet B was longer than diet D. Diet E had the 

significantly largest diameter, while diets A, C and D had the smallest diameter. The bulk density 

was associated with moisture content and significantly increased with higher moisture content in 

the diets. Diet D had the largest bulk density followed by diets C, B and A. Diets C and D had 

the highest hardness, while diet A had the lowest hardness. No significant differences in hardness 

were observed between diets B and E. 

 

The DV varied significantly among the diets. Diet A generated highest amount of large fracture 

(5.6-8 mm), small fracture (2.36-5.6 mm) and fines (< 2.36 mm) and therefore had the highest 

DV, followed by diets B, C and D, respectively. On the contrary, diet D had the highest amount 

of intact pellets (> 8 mm), and the lowest amount of dust, followed by diets C, B and A. 

 

The water stability was significantly lowest for diet A, while no differences were observed 

among diets B, C, D and E, after 60 min and 120 min in shaking water bath. After 240 min 

incubation in the shaking water bath, diets E and D were numerical higher in water stability 

compared to the other diets, but no significant difference were noted. 
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The physical quality of diets A1, B1, C1, D1 and E1 is given in Table 4. Length and diameter were 

significantly different among the diets. Diet A1 had the significantly shortest length compared to 

the other diets. Diet E1 had a significantly larger diameter than the other diets. No significant 

differences were observed in diameter between diets B1 and C1, but these two diets had 

significantly larger diameter than diet D1 and A1. Diet A1 had the significantly smallest diameter. 

The bulk density significantly differed among the diets. Diet A1 was the heaviest followed by 

diets D1, C1 and B1. Hardness of the pellets also significantly differed among the diets. Diets C1 

and D1 had the highest hardness, while diet E1 had the lowest hardness. No significant 

differences in hardness were found between diets A1 and B1. 

 

DV significantly differed among the diets A1, B1, C1 and D1. Diet C1 had the highest DV because 

it generated the highest amount of large fracture (5.6-8 mm) and small fracture (2.36-5.6 mm). 

Diet B1 generated highest amount of fines (< 2.36 mm), and had a higher DV than diets A1 and D1. 

Diets A1 and D1 generated the highest amount of intact pellets (> 8 mm), and had the lowest DV. 

 

The water stability differed significantly among diets A1, B1, C1, D1 and E1. Diet C1 was more 

water stable than the other four diets after 60 min and 120 min in shaking water bath, but after 

240 min incubation it tended to be less stable than diet B1. Diet B1 was the most water stable diet 

at 240 min incubation. Diet A1 had the significantly lowest water stability after 60 min, 120 min 

and 240 min water bath.  

 

There were some differences between two feed productions in physical quality. Diets A1, B1, C1, 

D1 had an average heavier pellets (663.35 g), compared to diets A, B, C, D (656.26 g). Hardness 

of pellets in the first feed production was slightly higher with an average of 46.05 N compared to 

an average of 37.89 N in the second production. DV was lower for pellets from the first 

production with an average 12.65%, compared to the second production with an average of 

23.71%. Water stability of pellets from the first and second productions showed almost the same 

values at 60 min and 120 min, while the stability was one percentage point higher at 240 min for 

pellets from the first production.  

 

A correlation analysis (Table 5) showed that bulk density of pellets was positively correlated 
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with hardness (P = 0.009), and negatively correlated with DV (P < 0.001). Hardness was 

positively correlated with water stability at 60 min (P = 0.005) and 240 min (P = 0.009). 

 

3.3 Fish growth performance 

 

Growth performance of the fish is given in Table 6. The fish grew from average start weight of 

967.92 g to an average final weight of 1872.21 g, giving an average increase in body weight of 

93.43%. No significant differences were observed in IBW, FBW, WG, FI, FCR, SGR, SFR and 

TGC among fish fed the experimental diets. The FI per fish was ranging from 649.71 g to 832.34 

g among the diets. Diets D and E had a numerically higher WG, FI, SGR, SFR and TGC 

compared to the other diets, though no significant differences were noted. Diet D had the 

numerically lowest FCR was observed among the diets. The mortality was low, only one fish 

died during the experimental period. 

 

Correlation among salmon growth performance parameters and feed utilization data are shown in 

Table 7. FBW was negatively correlated with IBW (P < 0.001), WG (P < 0.001), FI (P < 0.001), 

SGR (P < 0.001), SFR (P < 0.001) and TGC (P < 0.001). IBW was positively correlated with SGR 

(P = 0.026), SFR (P = 0.014) and TGC (P = 0.007). IBW was negatively correlated with WG (P = 

0.001) and FI (P = 0.001). WG was negatively correlated with FI (P < 0.001), SGR (P < 0.001), 

SFR (P < 0.001) and TGC (P < 0.001). FI was negatively correlated with SGR (P < 0.001), SFR (P 

< 0.001) and TGC (P < 0.001). SGR was negatively correlated with SFR (P < 0.001) and TGC (P 

< 0.001). SFR was negatively correlatively with TGC (P < 0.001). 

 

3.4 Correlation among the physical quality and the fish growth performance parameters 

 

The correlation coefficients obtained between physical quality and fish growth performance 

parameters are presented in Table 8. Physical quality parameters such as bulk density, hardness, 

DORIS durability and water stability were highly correlated. The data also showed fish growth 

performance parameters like WG, FI, SGR, SFR and TGC were well correlated. However, 

physical quality and fish growth performance parameters were not well correlated. SGR of fish 

and DORIS durability of diets was the least correlated of the relationships noted (P = 0.998).
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Table 3. Physical quality of five extruded diets (labelled A, B, C, D and E) measured as length, diameter, hardness, bulk density, 

DORIS durability and water stability, respectively. For length, diameter and hardness n = 30, the remaining variables n = 3. Data are 

presented as mean ± S.E.M. 

  Diet A Diet B Diet C Diet D 

Diet E 

(soaked diet 

C) 

ANOVA 

P<F 

Length (mm) 9.97 ± 0.06
a
 9.26 ± 0.07

bc
 9.39 ± 0.13

b
 9.11 ± 0.10

c
  <0.0001 

Diameter (mm) 10.53 ± 0.06
c
 10.98 ± 0.12

b
 10.55 ± 0.04

c
 10.64 ± 0.04

c
 11.38 ± 0.03

a
 <0.0001 

Bulk density (g L
-1

) 618.06 ± 0.46
d
 655.28 ± 0.46

c
 673.26 ± 0.26

b
 678.41 ± 0.06

a
  <0.0001 

Hardness (N) 30.03 ± 0.95
c
 37.16 ± 1.43

b
 44.64 ± 1.58

a
 43.22 ± 1.30

a
 34.41 ± 0.85

b
 <0.0001 

DORIS test 
      

  DORIS value (%) 61.29 ± 0.63
a
 26.22 ± 0.29

b
 6.09 ± 0.39

c
 1.25 ± 0.06

d
 

 
<0.0001 

  Intact pellets (> 8 mm) (%) 37.90 ± 0.92
d
 73.63 ± 0.30

c
 93.87 ± 0.38

b
 98.83 ± 0.09

a
 

 
<0.0001 

  Large fracture (5.6-8 mm) (%) 30.43 ± 0.43
a
 12.93 ± 0.55

b
 2.60 ± 0.23

c
 0.40 ± 0.06

d
 

 
<0.0001 

  Small fracture (2.36-5.6 mm) (%) 19.00 ± 0.84
a
 7.10 ± 0.30

b
 1.90 ± 0.06

c
 0.50 ± 0.00

d
 

 
<0.0001 

  Fines (< 2.36 mm) (%) 11.87 ± 0.15
a
 6.17 ± 0.32

b
 1.57 ± 0.09

c
 0.37 ± 0.03

d
 

 
<0.0001 

Water stability (%) 
      

  60 min (%) 95.72 ± 0.28
b
 96.63 ± 0.10

a
 96.58 ± 0.19

a
 96.88 ± 0.02

a
 96.47 ± 0.09

a
 0.0054 

  120 min (%) 93.86 ± 0.16
b
 94.83 ± 0.18

a
 94.78 ± 0.36

a
 95.61 ± 0.09

a
 95.35 ± 0.37

a
 0.0071 

  240 min (%) 92.76 ± 0.22 93.10 ± 0.19 92.45 ± 0.50 93.61 ± 0.17 93.66 ± 0.25 0.0593 
a, b, c, d

 Indicate significant differences (p ≤ 0.05) among diets. 
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Table 4. Physical quality of five extruded diets (labelled A1, B1, C1, D1 and E1) measured as length, diameter, hardness, bulk density, 

DORIS durability and water stability, respectively. For length, diameter and hardness n = 30 and for the other variables n = 3. Data are 

showed as mean ± S.E.M. 

  Diet A1 Diet B1 Diet C1 Diet D1 

Diet E1 

(soaked diet 

D1) 

ANOVA 

P<F 

Length (mm) 8.89 ± 0.08
b
 9.43 ± 0.10

a
 9.31 ± 0.07

a
 9.31 ± 0.06

a
  <0.0001 

Diameter (mm) 10.26 ± 0.06
c
 10.52 ± 0.06

b
 10.63 ± 0.12

b
 10.43 ± 0.04

bc
 11.14 ± 0.04

a
 <0.0001 

Bulk density (g L
-1

) 680.28 ± 0.32
a
 651.26 ± 0.18

d
 656.69 ± 0.11

c
 665.18 ± 0.27

b
  <0.0001 

Hardness (N) 41.77 ± 2.44
b
 44.67 ± 2.43

b
 53.27 ± 1.65

a
 54.72 ± 1.13

a
 35.69 ± 0.85

c
 <0.0001 

DORIS test 
      

  DORIS value (%) 2.51 ± 0.26
c
 19.96 ± 0.39

b
 25.76 ± 0.56

a
 2.35 ± 0.22

c
 

 
<0.0001 

  Intact pellets (> 8 mm) (%) 97.37 ± 0.24
a
 79.77 ± 0.41

b
 73.87 ± 0.54

c
 97.67 ± 0.20

a
 

 
<0.0001 

  Large fracture (5.6-8 mm) (%) 1.17 ± 0.18
c
 11.07 ± 0.38

b
 15.30 ± 0.45

a
 0.90 ± 0.12

c
 

 
<0.0001 

  Small fracture (2.36-5.6 mm) (%) 0.53 ± 0.07
c
 4.60 ± 0.10

b
 6.80 ± 0.20

a
 0.73 ± 0.12

c
 

 
<0.0001 

  Fines (< 2.36 mm) (%) 0.80 ± 0.06
c
 4.33 ± 0.09

a
 3.67 ± 0.09

b
 0.73 ± 0.07

c
 

 
<0.0001 

Water stability (%) 
      

  60 min (%) 94.83 ± 0.02
d
 97.15 ± 0.06

ab
 97.56 ± 0.31

a
 96.92 ± 0.05

bc
 96.49 ± 0.13

c
 <0.0001 

  120 min (%) 93.57 ± 0.09
c
 95.83 ± 0.10

b
 96.53 ± 0.21

a
 96.06 ± 0.06

ab
 93.16 ± 0.25

c
 <0.0001 

  240 min (%) 92.43 ± 0.14
c
 94.78 ± 0.10

a
 94.25 ± 0.40

ab
 94.08 ± 0.07

b
 94.26 ± 0.07

ab
 <0.0001 

a, b, c, d
 Indicate significant differences (p ≤ 0.05) among diets. 
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Table 5. Correlation among the physical quality parameters of two feed productions. 

*p < 0.05 **p = 0.01 ***p < 0.001 T0.05 ≤ p < 0.10. 

 

 

 

 

 

 

 

 

 

 

Variables 
 

1 2 3 4 5 6 7 8 9 10 11 12 

1 Length - 
           

2 Diameter 0.11 - 
          

3 Bulk density -0.89*** -0.18 - 
         

4 Hardness -0.52* -0.21 0.52* - 
        

5 DORIS value 0.85*** 0.24 -0.96*** -0.62* - 
       

6 Intact pellets (> 8 mm) -0.85*** -0.24 0.96*** 0.62* -1.00*** - 
      

7 Large fracture (5.6-8 mm) 0.82*** 0.25 -0.95*** -0.57* 0.99*** -0.99*** - 
     

8 Small fracture (2.36-5.6 mm) 0.88*** 0.21 -0.95*** -0.65*** 0.99*** -0.99*** 0.98*** - 
    

9 Fines (< 2.36 mm) 0.84*** 0.28 -0.95*** -0.71*** 0.98*** -0.98*** 0.96*** 0.98*** - 
   

10 Water stability (60 min) -0.08 0.39T -0.01 0.56* -0.09 0.09 -0.04 -0.14 -0.15 - 
  

11 Water stability (120 min) -0.21 0.19 0.14 0.75*** -0.25 0.25 -0.19 -0.29 -0.33 0.89*** - 
 

12 Water stability (240 min) -0.09 0.08 -0.09 0.52* -0.06 0.06 -0.01 -0.12 -0.11 0.75*** 0.84*** - 
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Table 6. Growth and feed performance of salmon fed the five experimental diets. The results are presented as mean ± S.E.M. 

  Diet A  Diet B  Diet C Diet D Diet E  ANOVA P<F 

FBW, g 
 

1964.36 ± 182.94 1728.35 ± 40.52 1686.61 ± 143.35 1964.14 ±166.35 2017.58 ± 181.19 0.4501 

IBW, g  1004.90 ± 58.11 935.81 ± 7.70 936.49 ± 16.03 947.34 ± 32.85 1015.05 ± 37.86 0.3637 

WG, g 959.46 ± 135.94 792.54 ± 38.76 750.12 ± 127.33 1016.80 ± 133.59 1002.52 ± 144.63 0.4393 

FI, per fish, g 796.37 ± 121.95 653.16 ± 42.84  649.71 ± 94.61 828.17 ± 126.74 832.34 ± 103.07 0.5395 

FCR 0.83 ± 0.02 0.83 ± 0.03 0.88 ± 0.06 0.81 ± 0.02 0.83 ± 0.02 0.7072 

SGR, % 0.73 ± 0.06 0.67 ± 0.02 0.64 ± 0.07 0.80 ± 0.06 0.75 ± 0.06 0.3499 

SFR, % 0.60 ± 0.05 0.56 ± 0.03 0.55 ± 0.06 0.65 ± 0.06 0.62 ± 0.04 0.6078 

TGC  2.86 ± 0.29  2.55 ± 0.10  2.41 ± 0.31  3.09 ± 0.29  2.95 ± 0.29 0.3992 

FBW: final body weight. 

IBW: initial body weight. 

WG: weight gain. 

FI: feed intake. 

FCR: feed conversion ratio. 

SGR: specific growth rate. 

SFR: specific feeding rate. 

TGC: thermal growth coefficient. 
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Table 7. Correlation among salmon growth performance parameters. 

 

 

 

 

 

 

 

 

 
 

 

 

 

*p < 0.05 **p = 0.01 ***p < 0.001 
T
0.05 ≤ p < 0.10. 

FBW: final body weight. 

IBW: initial body weight. 

WG: weight gain. 

FI: feed intake. 

FCR: feed conversion ratio. 

SGR: specific growth rate. 

SFR: specific feeding rate. 

TGC: thermal growth coefficient. 

 

 

 

 

 

Variables 
 

1 2 3 4 5 6 7 8 

1 FBW - 
       

2 IBW 0.85*** - 
      

3 WG 0.99*** 0.77*** - 
     

4 FI, per fish 0.98*** 0.80*** 0.97*** - 
    

5 FCR -0.19 0.02 -0.25 -0.03 - 
   

6 SGR 0.91*** 0.57* 0.96*** 0.91*** -0.34 - 
  

7 SFR 0.89*** 0.62* 0.92*** 0.96*** 0.06 0.92*** - 
 

8 TGC 0.96*** 0.67* 0.99*** 0.95*** -0.29 0.99*** 0.93*** - 
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Table 8. Correlation among the physical quality and the fish growth performance parameters. 

Variables 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

1     Length - 
                 

2     Diameter -0.35  - 
                

3     Bulk density -0.89*** 0.12  - 
               

4     Hardness -0.81* -0.03  0.98***  - 
              

5     DORIS value 0.89***  -0.09  -1.00*** -0.98***  - 
             

6     Intact pellets (>8mm)  -0.89***  0.09  1.00*** 0.98***  -1.00***  - 
            

7     Large fracture (5.6mm-8mm)  0.87***  -0.08  -1.00***  -0.98***  1.00***  -1.00***  - 
           

8     Small fracture (2.36-5.6mm) 0.92***  -0.14  -1.00***  -0.97***  1.00***  -1.00***  0.99***  - 
          

9     Fines (< 2.36mm)  0.85***  -0.02  -0.99***  -0.98***  0.99***  -0.99***  0.99***  0.99***  - 
         

10    Water stability (60min) -0.89***  0.31  0.82* 0.75*  -0.82*  0.83***  -0.82* -0.83***  -0.80* - 
        

11    Water stability (120min) -0.79*  0.17  0.81*  0.73*  -0.80* 0.80*  -0.81*  -0.79*  -0.80*  0.74* - 
       

12    Water stability (240min) -0.35  0.24  0.23  0.10  -0.22  0.22  -0.22  -0.21  -0.23  0.47  0.66* - 
      

13    WG 0.11  -0.07  -0.10  -0.16  0.11  -0.11  0.12  0.10  0.07  -0.36  0.08  0.23  - 
     

14    FI, per fish  0.14  -0.03  -0.09  -0.13  0.10  -0.10  0.11  0.10  0.07  -0.36  0.07  0.25  0.97***  - 
    

15    FCR 0.04  0.14  0.09  0.15  -0.10  0.09  -0.11  -0.08  -0.09  0.08  0.02  0.13  -0.18  0.06  - 
   

16    SGR -0.06  -0.08  0.00  -0.07  0.00  0.00  0.02  -0.01  -0.03  -0.19  0.21  0.33  0.96***  0.90***  -0.30  - 
  

17    SFR -0.04  -0.01  0.03  -0.02  -0.03  0.03  -0.02  -0.03  -0.05  -0.19  0.21  0.39  0.93***  0.97***  0.12  0.91***  - 
 

18    TGC 0.02  -0.07  -0.05  -0.11  0.05  -0.05  0.07  0.04  0.02  -0.27  0.15  0.29  0.99***  0.94*** -0.24  0.99*** 0.93*** - 

*p < 0.05 **p = 0.01 ***p < 0.001 T0.05 ≤ p < 0.10. 

WG: weight gain. 

FI: feed intake. 

FCR: feed conversion ratio. 

SGR: specific growth rate. 

SFR: specific feeding rate. 

TGC: thermal growth coefficient.
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4. Discussion 

 

The present study aimed to investigate the effect of moisture content on physical quality of 

feed as well as on feed intake, weight gain and feed utilization of Atlantic salmon. Four 

extruded diets were produced at standardized processing conditions and dried at different 

intensity to contain 2.5%, 5%, 7.5% and 10% of water, respectively. The diet containing 7.5% 

moisture was soaked in the salt water for 2 h to a moisture content of 90.6%. Even though the 

soaking procedure was the same as that used at Sunndalsøra, and the same standardized 

method was used to analyze DM, the DM content of soaked diets at Sunndalsøra and ÅS 

differed. A DM of 73.2% was obtained at Sunndalsøra while we analyzed DM of 90.6% at 

ÅS. One explanation to these differences may be that changes took place in the pellets during 

storage, affecting the water absorption capacity during the soaking. Overall, the chemical 

composition did not differ among the diets on a DM basis, except for increased element 

content (Mg, Na and Fe) of the soaked diets, reflecting the elements commonly found in 

seawater. 

 

4.1 Effect of the moisture level on the physical quality of the pellets 

 

Moisture content affected physical quality of pellets in the present experiment (Table 3). The 

soaked diet had the greatest diameter because the pellet expanded during the course of the 

soaking. Significantly variation in length and diameter were observed among the other four 

extruded diets. Diet A with lowest moisture had the longest pellets compared to diet B, C and 

D. Small variation in extrusion parameters may explain the variation in diameter and length. 

Previous research has shown that reduced retention time caused by an increase in screw 

speed may increase pellet length (Lue et al., 1991; Lue et al., 1994; Sørensen et al., 2009). 

Sørensen et al. (2009) also reported that the variation of pellet diameter was affected by 

degree of expansion. Because the same die was used to produce all diets at standardized 

extruded parameters, the variation in diameter and length maybe explained by variation 

among batches in the production. It is also likely that changes in diameter and length took 

place during drying of the diets. 

 

Bulk density is another important physical quality parameter of fish feeds that determines the 

sinking velocity of the pellets (Chevanan et al., 2007, 2009). Bulk density was influenced by 
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moisture content and increased with higher moisture level in the present experiment. 

Draganovic et al. (2011) used a volumertric displacement method to measure the density of 

three uncoated extruded feeds. In contrast to the present expriment, Draganovic et al. (2011) 

produced the feeds by adding 20, 26 and 32 g/100g moisture in the mash respectively, before 

drying to approximately 8% moisture. They showed that density of extruded pellets 

decreased with higher moisture content. These contradicting results indicates that pellets 

density vary with moisture level during extrusion, as well as extrusion processing parameters 

and drying intensity.  

 

Different moisture level in the diets affected hardness of pellets in the present experiment. 

Diets C and D with the highest moisture level (7.5% and 10%) had the highest hardness. It is 

also interesting to note, that soaked pellet was harder than the pellet with 2.5% moisture. Low 

moisture content gave a more brittle pellet. Draganovic et al. (2011) reported that pellet 

hardness was reduced with increasing moisture content in the mash. The result from these 

two experiments indicated that also hardness of extruded pellets is affected by moisture level, 

as well as extrusion processing parameters and drying intensity.  

 

Extruded feeds are brittle materials (Aarseth et al., 2006). The present study showed that DV 

decreased with higher moisture content in the diets. The diet with 2.5% moisture was more 

brittle, generated more fines and is thus more likely to generate fines in pneumatic feeding 

devices compared to the diets with higher moisture content. One explanation maybe that 

moisture itself act as a binder increasing adhesion between feed particles, improving the 

quality of extruded pellets as earlier reported for steam pelleted diets (Lundblad et al., 2009). 

In order to avoid fines, over drying and pellets with too low moisture content (≤ 2.5%) should 

be avoided. 

 

All the diets had high water stability after 240 min in shaking water bath with a stability 

ranging from 92.45% to 93.66%. Diet A had lower water stability compared to the other four 

diets after 60 min and 120 min in shaking water bath. However, after 240 min shaking time, 

diet E tended to have higher water stability (P = 0.059) than the other four diets. High water 

stability is associated with less leaching of nutrients when pellet are soaked water. However, 

earlier studies have reported that diets with low water stability gave separation and 

accumulation of free oil in the stomach of rainbow trout suffering from osmoregulatory stress 
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(Baeverfjord et al., 2006; Aas et al., 2011a). This condition is associated with oil belching in 

rainbow trout (Baeverfjord et al., 2006).  

 

The correlation analysis among physical quality parameters in the present study showed that 

pellets with higher bulk density also was harder pellets and formed less dust (Table 5). The 

pellets with high hardness also showed greater water stability (Table 5). In line with this study, 

Aas et al. (2011a) reported that higher water stability of the pellets was associated with harder 

pellets and less broken pellets. 

 

4.2 Fish growth performance   

 

Although no significant differences were observed in FI, WG, SGR, SFR, TGC and FCR 

among the five diets, diets D and E showed numerically higher values (Table 6). The FCR in 

the present experiment was slightly lower than earlier reported for salmon of similar size 

(Aksnes, 1995; Einen and Roem, 1997; Sveier and Lied, 1998, Sveier et al., 1999). The SGR 

and TGC values are also in line with other published studies (Austreng et al., 1987; Sveier 

and Lied, 1998, Sveier et al., 1999). The numerically higher growth performance and feed 

utilization of diets D and E may suggest that higher moisture content in the pellets may 

stimulate the appetite resulting in greater FI. In line with this, Storebakken and Austreng 

(1988) reported increased dry matter intake in rainbow trout fed moist pellets compared to 

dry pellets. In particular increased FI was reported in fish fed moist pellets with 

approximately 60-70% dry matter at falling seawater temperature (Gabrielsen and Austreng, 

1998). In contrast, Ruohonen et al. (1998) reported impaired growth of rainbow trout fed 

diets with 45-50% dry matter. The latter authors also reported that the trout compensated 

higher dietary moisture with a higher FI, suggesting that the FI on a dry matter basis was 

equal. Most previous research has investigated moist diets made from moist ingredients such 

as fish by-products. These diets maybe more prone to nutrient leakage than extruded diets. 

This is the first study to evaluate effects of different moisture content in extruded diets on 

growth performance and feed utilization. Extruded diets are more water stable and no nutrient 

leakage was observed for the soaked feed. Effect of moisture content on fish performance 

could thus be evaluated without a bias with nutrient leakage, or changing ingredient 

composition that have been weaknesses with previous published literature. 
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Nutrient digestibility was not tested in this part of the study. However, the fish growth 

performance parameters may indicate that higher moisture level in the diets facilitated 

digestion of the pellet and hence improved the growth rate of fish. 

 

4.3 Interaction between physical quality of experimental diets and fish growth 

performance 

 

The FI can be influenced by physical quality of pellets and availability of dietary nutrients 

(Houlihan et al., 2001). No significant correlation was observed among physical quality of 

experimental diets and fish growth performance. Diet E with the numerical highest water 

stability (at 240 min) showed a non-significant but numerically high FI fed to fish compared 

to the other diets. In line with the present fingings, Baeverfjord et al. (2006) reported no 

significant differences in FI and growth rate when the rainbow trout was fed diets differing in 

water stability. In contrast to these finding, Aas et al. (2011a) showed that FI was significant 

higher in trout fed diets with low water stability compared to a diet with high water stability. 

Both Baeverfjord et al. (2006) and Aas et al. (2011a) suggested that diets with high water 

stability gave a longer gastric retention time, resulting in lower FI. However, in contrast to 

Baeverfjord et al. (2006) and Aas et al. (2011a), the variation in water stability among all 

diets was lower in the present study. Because of the low variation in water stability among 

diets, less variation among experimental unites would be needed to detect significant 

differences in FI and weight gain. 

 

The feeding experiment with diet from the first feed production was terminated because of 

low FI. It was therefore decided to produce new experimental diets based on the same 

ingredients, but with some modifications in physical quality. In general the pellets from the 

second feed production were slightly lighter, had lower hardness and were more brittle. These 

modification in physical quality between the two production may be caused by moderate 

changes in ingredient composition or by feed processing paramters. For example, high fat 

level (> 12%) during the extrusion process may decrease pellet durabulity (Rokey and Huber, 

1994). Fat is an efficient lubricant in extruders, reducing the shear stress, plastification and 

cooking in the extruder. Increasing the fat level in the feed mash therefore result in poorer 

physical quality of pellets. Water added in the dough affect binding capacity among particles 

as well as starch gelatinization. Also high moisture content reduces the viscous dissipation 
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and melt viscousity (Ilo et al., 1996), thus affecting physical quality of the pellets 

(Draganovic et al., 2011). Processing parameters such as temperature, can further be used to 

change physical quality of pellets. Variation in physical quality may thus be changed by 

ingredient composition and processing condition. The feed refusal of the salmon fed diets 

from the first feed production may strengthen the hypothesis that there is an interaction 

between physical quality of pellet and FI. The slight modifidcation in structrure of the pellets 

from the second feed production was more acceptable for the fish.  
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5. Conclusion 

 

The present experiment showed that, physical quality of extruded feed was significantly 

affected by moisture level. Higher moisture level improved the physical quality of pellets in 

terms of hardness, bulk density, DORIS durability and water stability. Moreover, pellets 

soaked in salt water for 2 h gave little or no changes in physical quality. The results also 

showed that higher bulk density was associated with harder pellets and lower DV. High pellet 

hardness gave a more water stable pellet.  

 

Changing feed moisture in the range from 2.5% to 10% had no adverse effect on growth 

performance of Atlantic salmon. The diets with high moisture level (diet D, 10%) and diet E 

(soaked pellet) showed numerically higher feed intake and better weight gain than diets A-C 

with 2.5%, 5%, 7.5% moisture, respectively. Although no significant differences were noted, 

these results strongly indicated that high moisture in the pellet stimulated the appetite 

resulting in greater feed intake.  

 

The present study is the first to report the effect of extruded pellet moisture content on 

physical quality of feed as well as weight gain, feed intake and feed utilization. More studies 

are needed to understand the underlying mechanisms of how feed moisture level affected 

physical and nutritional quality of fish feed.  
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