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4.4 Whole body and vertebrae mineral content   
Whole body P and Ca were both poorly explained by the PLS model (22.7 and 2.0%, 
respectively). Further, the variance in response (Y) for whole body P between parallel centre 
points were larger than the variance in response (Y) between the designed levels, making 
the model unreliable. The calculated whole body P:Ca ratio showed some unexpected 
variation and was also poorly explained by the PLS model (7.9%). It is possible that the 
samples were not completely homogenized, as the analyses were performed in wet samples. 
Small bone particles that provide high P and Ca are difficult to homogenize unless freeze 
dried and mortared prior to analyses.  

Whole body P and Ca as calculated for all diets were 4250 ± 320 and 4459 ± 350 mg kg-1, 
respectively, and the accompanying P:Ca ratio was 0.96 ± 0,09. Whole body mineral 
contents did not show any correlation to digested or absorbed P (p > 0.05).  Apparent P 
digestibility correlated however significantly to digestible protein (0.68), lipid (0.71), energy 
(0.78) and to P absorbed (0.82), p < 0.05, as well as to SGR (0.64), TGC (0.63), FCR (-0.68) 
and dietary ASBM inclusion (-0.97), p < 0.05.  P absorbed showed similar but weaker 
correlations to the apparent digestibility coefficients (p < 0.05), but did not correlate to the 
growth related indices or to FCR (p > 0.05). The PLS models were significant and explained 
53.6% of the variation in P absorbed and 96% of the variation in P apparently digested.  

In the freeze dried vertebrae, crude composition and mineral contents (P and Ca) were 
similar, but still significantly affected by dietary ASBM and lipid level (p < 0.05). The PLS 
models were significant and explained 42.4, 46.7 and 65.1% of the variation in vertebrae dry 
matter (Fig. 7), protein (Fig. 8) and ash (Fig. 9), respectively, whereas insignificant for 
vertebrae lipid which is low in Atlantic cod (< 2%). The reduction in vertebrae ash at high 
ASBM was less than 2%, and the PLS model explained little of the accompanying variation in 
vertebrae P, Ca and the calculated P:Ca ratio. Vertebrae P and Ca in lipid free dry matter as 
calculated for all diets were 117 548 ± 1 083 and 221 173 ± 5309 mg kg-1, respectively, and 
the accompanying P:Ca ratio was 0.53 ± 0.01. Similar to whole body P, the variance in 
response (Y) for vertebrae P between parallel centre points were larger than the variance in 
response (Y) between the designed levels.   
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Fig. 7. Vertebrae dry matter, %
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4.5 Plasma protein, glucose and triglyceride contents 
Plasma triglycerides (TAG) seem to be weakly increased by increased dietary lipid (by 8-
10%), and weakly depressed by dietary ASBM (by 6%). The PLS model was significant and 
explained 86.1% of the variation in plasma TAG, Table 10. Still, plasma TAG showed small 
variation and varied from 4 to 4.6 mmol L-1 for all diets. Plasma Glc also showed small 
variation and ranged from 4.7 to 6.4 mmol L-1 while plasma protein ranged from 20.1 to 26.3 
g L-1. The variance in response (Y) for plasma Glc and protein between parallel centre points 
were larger than the variance in response (Y) between designed levels, and hence none of 
these can be explained by PLS modelling.  

4.6 Morphometrics of sampled fish 
Weights of sampled fish collected for analyses were approximately similar between diets, 
and did not completely reflect the reduced body weight of fish fed the higher ASBM inclusion. 
No differences among treatments were found for final body weight, length, gutted weight 
head weight and the related indices C-factor and head index (HI) of sampled fish (P > 0.05). 
Specific gonad weight (g) and the gonad somatic index (GSI,%) were reduced in response to 
dietary lipid (8%) and in particular by dietary ASBM (27%), p < 0.05. The PLS model 
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Fig. 8. Vertebrae protein, % of dry weight
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explained 48.5% of the variation in GSI. With one exception (Diet 1a), the mean GSI was 
less than 0.5% for all groups.  

The increased dietary lipid significantly increased liver weight (115%) and the related indices 
HSI (116%) and DOP (109%) of cod (P < 0.05), Fig. 10 and Fig. 11, while dietary impacts of 
ASBM was smaller but significant negative for HSI and positive for DOP (p < 0.05). The PLS 
model was significant and explained 91.2 and 76.6, respectively, of the variation in HSI and 
DOP, Table 10. A tendency towards increased specific weight (g) and relative weight (% of 
body weight) of spleen occurred in response to dietary lipid, and the PLS model explained 
78.9% of the variation in spleen somatic index (SSI). The variance in response (Y) between 
parallel centre points were however larger than the variance in response (Y) between 
designed levels, and the model was discarded.  
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4.7 pH and dry matter in gastrointestinal (GI) segments of sampled fish 

4.7.1 PH in GI segments 
The mean pH values in the different GI segments changed along the gastrointestinal system 
and were 2.6, 7.5, 7.8, 8.0, 8.1 and 7.0, respectively in stomach, pylorus, MI 1, MI 2, MI 3 
and DC, Fig 12. The PLS model was significant and explained 51.3, 54.2 and 69.5% of the 
variation in pH in stomach, pylorus and DC, respectively, Table 10. Dietary ASBM 
significantly increased pH in the stomach at all dietary ASBM inclusion level (pH mean value: 
2.84 ± 0.04) as compared to the control diets without ASBM (pH = 2.0 ± 0.39), while dietary 
lipid slightly increased pH in the stomach (106%). A similar effect of ASBM was found in DC, 
showing mean pH values of 6.7, 6.8, 7.1 and 7.1, respectively in fish fed 0, 6, 12 and 18% 
ASBM (P < 0.05), while dietary lipid had a slight negative impact and were 7.1, 7.0 and 6.8 
for low, medium and high dietary lipid (p < 0.05). Dietary lipid and ASBM both slightly 
decreased pH in the pylorus (54% explained by PLS modelling, p < 0.05), while pH was not 
significantly affected by dietary ASBM or lipid level in any of the other GI segments (P > 
0.05). 
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4.7.2 Dry matter in GI segments 
The mean dry matter contents in the different GI segments also changed along the 
gastrointestinal system and were respectively 12.0, 13.8, 16.9, 15.9, 16.1 and 11.7%, in 
stomach, pylorus, MI 1, MI 2, MI 3 and DC, Fig 13. The highest dietary ASBM (18%) 
increased dry matter contents in the GI segments stomach, pylorus, MI 1, MI 2, MI 3 and DC 
by 139, 120, 114, 112, 106 (119 for ASBM 12%) and 126%, respectively, Fig 13. The PLS 
model was significant and explained 70.2, 80.4 and 91.0% of the variation in dry matter in 
stomach, pylorus and DC, respectively, Table 10. In the other segments, the variation 
between parallel centre points either exceeded the variance in response (Y) between 
designed levels (MI 1 and MI 2) or was poorly explained (MI 3) by the PLS model (< 40%). 
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Dietary lipid also increased dry matter contents in the stomach significantly, and the dry 
matter contents were 9.2, 13.7 and 15.9%, respectively, in fish fed low, medium and high 
lipid levels, P < 0.05. Dietary lipid did not affect dry matter contents in the other GI segments, 
except for a slight negative impact in pylorus and DC of less than 5% (P < 0.05).  
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Fig. 13  Dry matter in GI segments
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4.8 Dietary impacts on gastrointestinal indices, elements and enzyme 
activity 

4.8.1 Gastrointestinal somatic indices   
Relative tissue weights of the different GI segments showed little variation, except for an 
increase in relative weights of pylorus and MI by high dietary lipid and high dietary ASBM. 
The PLS model was significant and explained 91% of variation in MI (sum MI 1, MI2 and 
MI3), Table 10. Dietary lipid and ASBM both stimulated growth of MI by 105 and 109%, 
respectively.  

A similar effect was seen in pylorus, while results unexplained due to large variation between 
parallel centre points, exceeding the variance in response (Y) between designed levels. The 
relative weight of DC was unaffected by dietary lipid, but increased by 8-9% at all inclusion 
levels of dietary ASBM. The variation between parallel centre points however exceeded the 
variance in response between designed levels also for DC. 

4.8.2 Elements (sulphur, nitrogen, carbon, hydrogen) in dried GI contents from the 
mid intestinal section 

Sulphur (S) in dried GI contents from the mid intestinal section was significantly reduced by 
increased dietary ASBM and lipid level by approximately 26 and 12%, respectively (p > 0.05), 
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Fig. 14. Nitrogen (N) in dried GI were also depressed by dietary ASBM (18%), but greatly 
stimulated by dietary lipid by 139%, indicating some dietary implications in cod, Fig. 15. The 
PLS model was significant and explained 81.9 and 73.8% of the variation in S and N, 
respectively, Table 10.  

The PLS model further explained 72.6 and 51.4% respectively of the variation in carbon and 
hydrogen in dried GI, both negatively affected by high ASBM inclusion (13 and 22%), and 
both stimulated by increased dietary lipid (133 and 193%), Table 10.  Dietary impacts on 
carbon in dried GI contents is shown in Fig. 16.   
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Fig. 14. Sulphur in dried GI contents, %
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Enzyme activity (elastase, trypsin, lipase) were analysed in dried GI contents from the mid 
intestinal section. Elastase activity was negatively affected by dietary lipid and ASBM 
inclusion, by 14 and 39%, respectively (P < 0.05), Fig. 17. Trypsin activity showed a similar 
trend and was reduced by 8 and 28% by dietary lipid and ASBM level (p < 0.05), Fig. 18. The 
PLS models were significant and explained 70.8 and 59.1% of the variation in elastase and 
trypsin, respectively, Table 10.  

Lipase activity and bile acid concentration were measured, but is not presented due to large 
in between sample individual variation. However, medium and high dietary lipids seem to 
stimulate lipase activity by 15-17% with minor impacts on bile acid concentration. The 
highest level of ASBM reduced lipase activity (35%) and bile acid concentration (16%). The 
PLS model was significant and explained 49 and 43.1% of the variation in lipase and bile 
acid concentration, respectively, Table 10.  

  

4.8.3 Brush border enzyme activity (leucine amino peptidase, LAP) in pylorus and 
distal chamber (DC) of Atlantic cod. 

Brush border LAP in pylorus and DC were both stimulated by dietary ASBM (16 – 18%), 
while unaffected by dietary lipid in pylorus or weakly stimulated in the DC. The PLS model 
was significant and explained 42.5% of the variation of LAP in pylorus, p < 0.05. The 
variation between parallel centre points exceeded the variance in response between 
designed levels for LAP in DC. Dietary impacts on brush border LAP in pylorus is shown in 
Fig. 19. 
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Fig. 18. Trypsin in dried GI contents (U/mg)
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5 Brief discussion 
During the experimental trial fish from all dietary groups more than doubled their body 
weights and showed acceptable growth rates (average SGR = 1.02 ± 0.03%; average TGC = 
1,99 ± 0,06) for most groups when leaving out outliers (Diet 4b and 5s). Although slightly 
more optimal growth conditions can be expected in commercial cod farming, the 
experimental conditions were considered acceptable and indicative of an active nutrient 
metabolism in fish. Based on data evaluation according to the employed experimental 
simplex mixture design, the results showed that increased dietary ASBM reduced growth and 
feed conversion, as well as digestibility of dietary protein, lipid and energy significantly. 
Dietary lipid had minor impacts on growth and feed conversion, but reduced the quality of 
fish by increasing whole body and liver lipid content, HSI and DOP. The negative implication 
on growth performance was most extensive at 18% ASBM, and minor at 6 and 12% ASBM 
although to some extent depending on dietary lipid and energy content. 

In the development of cost-efficient diets for Atlantic cod, it has been suggested that feed for 
juvenile cod should contain 50-60% protein, 13-20% lipid and less than 15% starch to obtain 
high protein retention and growth, and to avoid excessive liver size (Rosenlund et al., 2004). 
In the present study, high growth rate was achieved within a broad range of dietary protein 
and lipid ratio, as dietary protein ranged from 45 to 53, dietary lipid from 12.6 to 18.7% and 
dietary starch from 5.3 to 6.7%. At medium and high dietary lipid (15 and 18%), a dietary 
protein level ≥ 48% was needed to maintain growth, while at low dietary lipid (12%), a dietary 
protein level above 50% was needed to maintain a high growth rate. At low and medium 
dietary lipid, a higher level of ASBM could be included without compromising growth, as 
compared to the high lipid diet. As the ASBM was washed and cleaned, muscle protein and 
most of the bone and muscle lipid was removed, thereby reducing total protein, lipid and 
energy content of the by-product. Low digestibility of the collagen protein in ASBM was 
analysed in mink (ADC Prot = 60%). This is expected due to imbalanced amino acid 
composition in collagen protein and lack of essential amino acids. Reduced protein 
digestibility was confirmed in cod by a significant negative impact of ASBM on both total 
protein and energy digestibility’s. The reduction in protein digestibility is much less than 
expected from the biological evaluation in mink, and pronounced only in fish fed 18 % ASBM. 
By assuming that protein digestibility of the vegetable ingredients varies from 0.85 to 0.95, it 
is estimated that digestible protein of the collagen protein in ASBM is about 75 % in cod.  

No evidence for increased feed intake to compensate for the reduced nutrient digestibility 
and reduced dietary energy intake appeared by feeding increased dietary ASBM. Feed 
intake remained constant when measured in % of body weights and no adaptive changes in 
feed intake was found. As the amount of digested protein to gross energy content correlated 
to lipid and dry matter accumulation in the body, certain level of available protein relative to 
gross energy of the diets seem to be needed to maintain high quality of fish and to avoid lipid 
accumulation due to increased dietary lipid. Accumulation of lipid in the liver is likely to 
occur in cultivated cod due to high dietary lipid content (Jobling, 1988; Lie et al., 1988), 
due to imbalanced protein to lipid ratio in the diet (Rosenlund et al., 2004) or due to 
suboptimal feeding regime (Lie, 1991).  

Total energy content of the diets did not correlate to SGR or TGC of cod and can not be used 
to explain differences in growth, as the diets producing the lowest growth rates (3c and 4c) 
actually contained more or equal gross energy as compared to the diets producing higher 
growth rates. Considering the changes in protein to energy content of the diets and the 
dietary impacts of ASBM on protein, lipid and energy digestibility, dietary differences in 
digestible energy (DE) or digestible protein to energy ratio (DP:DE), to a larger extent may 
explain the difference in growth and feed conversion. However, none of these correlated 
significantly to the growth related indices (p > 0.05).  
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Total level of ash and minerals (P, Ca) in the diets increased significantly by increasing 
dietary ASBM level. Inorganic P in the diets, supplemented with the mineral mix as CaHPO4, 
accounted for 0.40, 0.34, 0.23 and 0.11%, respectively, in the basal diet 1a, 2a, 3a and 4a. 
By analyses, dietary levels of soluble P in these diets were 0.80, 0.71, 0.58 and 0.48%, 
Table 2. This means that the basal diets 1a, 2a, 3a and 4a provided 0.35 – 0.40% soluble P 
from dietary ingredients. In a recent P requirement study with cod (Albrektsen 2009), a 
dietary total P level of 0.54 % reduced growth, feed conversion and tissue mineralization, 
and induced classical signs of P deficiency. As the diets with 18 % ASBM contained ≤ 0.48% 
soluble and highly available P, additional P to support normal growth and mineralization has 
to be provided from the insoluble P mineral (hydroxyapatite) in the ASBM. In this trial, no 
significant reduction in whole body or vertebrae P, or change in whole body P:Ca ratio 
appeared. Although digestible P correlated to ASBM inclusion and the growth related indices, 
the amount of absorbed P did not show similar relations. Mineral content in whole body and 
bone was generally high and similar to the levels found in adequate P supplemented cod 
(Kousoulaki, et al, 2008). High dietary lipid (18%) seems to slightly reduce whole body ash 
and mineral contents. As the whole body samples were probably poorly homogenized, and 
the variation in the centre diets high, significant impacts on mineralization was not apparent. 
Dietary impacts on vertebrae crude composition and minerals were small and considered 
biological insignificant. Available P from the basal diet and from dietary supplementation, 
plus P from the ASBM, together seem to provide adequate P for optimal mineralization in the 
present trial. The additional value of minerals in salmon bones will improve the value of this 
ingredient as well as cost-efficiency in Atlantic cod production. Additional P supplementation 
is getting more expensive due to expected restrictions in natural P sources as well as 
increased P prices in other market segments, that will also affect the price of mono-Ca-
phosphates (MCP) for animal and fish production. The last year, the price of MCP has 
increased by about 40% from 3.25 to 4.50 kr kg-1 (Norsk Mineralernæring AS). Of the 
macrominerals, dietary P is the single most expensive. According to our study, the additional 
0.3% or 3 gkg-1 P needed to support optimal growth and tissue mineralization in cod as 
concluded in the P requirement study (Albrektsen 2009) can be covered by available P in 
ASBM. Although not studied in the present trial, available bone minerals other than P can 
possibly add even more value to the ASBM.        

Plasma Glc and protein showed some small variation, but this could not be related to dietary 
ASBM or lipid inclusion levels. Generally, these blood values were within normal variation 
and indicative of normal physiological status of fish (Hemre, 1992). Blood TAG, was on the 
other hand increased by dietary lipid, and weakly decreased by dietary ASBM, showing a 
clear dietary response. The variation in blood TAG was small and the possible physiological 
implications probably biological insignificant. Dietary impacts of lipid on plasma TAG 
exceeded the effect of ASBM. The physiological responses to ASBM by exchanging dietary 
carbohydrates with ash in a previous cod trial (Toppe and Albrektsen, 2006) included 
increased plasma protein and TAG, and reduced Glc, correlated to the increased dietary ash. 
In the present trial, the physiological responses by keeping dietary carbohydrate level 
constant at variable protein to lipid ratios were small. 

The morphometric evaluation showed small variation in slaughter quality of cod related to 
dietary ASBM inclusion. Dietary lipid had larger effects and positive correlations with liver 
weight, HSI and DOP was apparent, all reflecting the increased whole body lipid 
accumulation in cod. Care was taken to avoid collection of maturing fish, and with one 
exception (Diet 1a), the mean GSI was less than 0.5% in all groups. Dietary ASBM 
significantly reduced GSI of fish, most possibly due to the lower protein and energy 
contribution from the diet. Growth of fish fed diet 2b (tank 32) was unexpected low and data 
from this group was in general omitted. In fish fed this diet, GSI was also low and different 
from all other dietary groups (0.10%), possibly indicating a problem of unknown origin as 
reflected in the general poor performance of fish in this tank.    



 

 22

In the stomach, dietary ASBM increased pH significantly. It may be suggested that this effect 
was due to the buffering capacity of the bone minerals. One would expect that the fish would 
react by increasing acid production to counteract the rise in pH. Apparently, the fish did not, 
or did not fully, compensate for the buffering. A similar effect was observed in the distal 
chamber. As the content of the distal chamber also contained increasing levels of bone 
mineral with increasing dietary ASBM, the same explanation should be valid also for this 
section. Stomach pH showed a positive regression also on dietary lipid level. The 
explanation for this effect is less clear as dietary lipid should not have much buffer capacity 
before hydrolysis. Regulation of acid secretion in fish is not well understood. However, in 
mammals it is known that dietary protein stimulates acid secretion more than lipids and 
carbohydrates, and some amino acids and peptides are more potent secretagogues than 
others (Lloyd and Debas 1994). The decrease in protein content with increasing lipid content, 
and subsequent reduction in stimuli for secretion, may be the cause of the increase in pH.  

The pH in stomach of cod seems to be low as compared to salmon, and approximately 2 in 
fish fed diets without ASBM. The increase in pH to 2.8 even at low ASBM inclusion (6%), 
may possibly affect absorption of other nutrients, such as minerals. Skeleton and bone 
particles must be hydrolysed by gastric acids and enzymes into simple inorganic phosphates 
for intestinal absorption (Nakamura 1985). An acidic milieu in the stomach and intestine is 
further required to maintain luminal solubility and bioavailability of inorganic P. Further, 
calcium may be important for P absorption since Ca-binding protein is a carrier for both Ca 
and P from the intestine (Brody 1999). In warm-blooded animals, the dietary Ca to P ratio 
has a major impact on the efficiency of bone mineralization and maintenance of minerals in 
the skeletal tissues. In fish, some studies have shown that high dietary Ca level may inhibit 
absorption of essential minerals like P, magnesium (Mg) and zinc (Zn) (Nakamura 1982; 
Hardy and Shearer 1985, Gatlin and Phillips 1989). In the present study, P digestibility was 
reduced by dietary ASBM while slightly increased by dietary lipid. Solubilized Ca from the 
ASBM can act as a chelating agent and bind other minerals, but also dietary lipid 
components in the intestine, making both minerals and lipid less available for absorption. The 
physiological regulatory mechanisms that are involved in the digestion, absorption and 
excretion of P, involve regulatory mechanism in the intestine, kidney and bone. As such, the 
reduction in P digestibility is expected by the steadily increased dietary P levels, as the need 
for dietary P supply is covered. This was confirmed by analyses of P in whole body and 
bone, showing no dietary differences. It is however possible that the change in pH due to 
ASBM can affect P solubility and/or P absorption in the intestine.  

Dietary ASBM and lipid increased dry matter contents in the stomach extensively, and similar 
significant dietary impacts of ASBM on dry matter content was also obvious in all other GI 
segments. The increased dry matter contents and pH due to ASBM can be explained by low 
water absorption capacity of the ASBM product, and the slow and low digestibility of this 
ingredient. As long as the product is present in the GI tract, it will elevate dry matter content. 
The same consideration can be made for lipid which also has low ability to mix with water. As 
lipid is rapidly digested and absorbed in the proximal segments of the intestine, the impact of 
lipid on chyme dry matter was pronounced only in the stomach.  

The long and dietary adaptive gastrointestinal channel of cod is physiological quite different 
from the short gastrointestinal channel of the carnivore salmon. In the present trial, both 
ASBM and lipid stimulated growth of the mid-intestine and increased the relative weights of 
this tissue significantly. A similar effect was seen in the distal chamber (and in pylorus) by 
ASBM inclusion, indicating some physiological adaptive changes to the diets throughout the 
entire GI channel. The mechanisms behind such physiological and presumably healthy 
response are not known, but with increasing amounts of slowly digestible or indigestible 
material, responses to overcome such challenges would be expected. 
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The level in the intestinal content of the elements S, N, C and H reflects the sum of all 
organic components in the intestinal section, whether derived from the diet or from 
endogenous secreta. Proteolytic enzymes from pancreas all have very high contents of 
cystein (Blow 1974). Also glutathione, an antioxidant secreted with the fluids entering the 
digestive tract, is rich in S. Proteins are the compounds of a quantitative magnitude with the 
highest N content, whereas lipids and sterols are the compounds richest in C and H and with 
no N. Alterations in proportions of these elements may indicate alterations in endogenous 
outputs. However, in the present study all of them decreased with increasing dietary content 
of ASBM. Concomitantly there was an increase in dry matter of the intestinal content and the 
decrease in concentration of these elements seemed to be proportional with a coefficient of 
about 1 to the increase in dry matter. The decrease in element concentration therefore 
seemed to merely be a dilution caused by the increased dry matter. The same explanation 
would be reasonable for the decrease in trypsin, elastase and lipase activity and also in bile 
acid concentration with increasing ASBM. The ASBM therefore did not seem to stimulate 
endogenous secretion to overcome the challenge represented by the ASBM. With lower 
enzyme concentration and lower bile acid concentration a lower digestive capacity may be 
expected. The sum of these conditions may explain the low digestibility of protein and lipid 
for the diets with high ASBM content.  

Dietary lipid on the other hand seemed to stimulate endogenous secretion of N, C and H, but 
not S. A possible explanation for this alteration is that lipid stimulates secretion of lipase, 
which is rich in N, and secretion of lipid and/or bile acids, rich in C and H (Fendri et al., 
2006). The observed increase in lipase activity with increasing dietary lipid level strongly 
supports this consideration. Lipid has been observed to stimulate secretion of lipase also in 
yellow tail (Koji et al 2008).  

While pancreatic and bile secretion seemed to be unaffected by dietary ASBM the results 
indicate that the ASBM may stimulate up regulation of brush border peptidase activity, 
represented by LAP activity both in the pyloric region and possibly also in the distal segment. 
This would be expected to increase capacity for peptide hydrolysis which is the terminal 
steps in the digestion of proteins in the gastrointestinal tract. The ASBM may therefore 
contain compounds that can trigger digestive processes in the intestinal wall.  

All in all the results from our investigation of parameters of the digestive organs indicate that 
secretion of important elements and activity of enzymes related to digestion of dietary protein 
and lipid were only weakly affected by dietary ASBM inclusion even though this feed 
ingredient caused decreased digestibility’s and therefore represent a challenge to the 
digestive processes. The ASBM may lack components such as specific amino acids that 
would trigger secretion from pancreas and liver. Dietary lipid on the others hand seemed to 
stimulate digestive processes to increase the digestive capacity according to the increase in 
lipid delivery to the intestinal tract. 
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6 Summary and conclusions 
The negative implication on growth, feed conversion and nutrient digestibility in the present 
trial when the ASBM exchanged dietary fish meal, is different from the positive effect on feed 
intake and growth found in a previous cod trial when ASBM exchanged dietary 
carbohydrates (Toppe and Albrektsen, 2006). Still, when adequate protein is provided by the 
diet, a clear potential of using low dietary level of ASBM (6 and 12 %) for fish meal 
replacement was demonstrated, as the ASBM provided high growth rate and unaltered 
chemical composition of fish.     

It can be concluded that collagen protein in salmon bone is less efficiently digested than fish 
meal protein. As such, ASBM can not be used for fish meal replacement on an equivalent 
protein base without causing reduced digestibility and growth of fish at high inclusion level. 
However, the salmon by-product is still a valuable feed ingredient in cod, on condition that 
adequate protein is provided in the diet. Minerals in salmon bone seem to be more available 
in cod as compared to salmon, as the salmon bone provided adequate available mineral for 
optimal mineralization in cod fed up to 18 % ASBM inclusion.  

Results from the present trial suggests that dietary inclusion levels of ASBM of 6 % can 
provide high growth rate and feed conversion at any dietary lipid level from 12 to 18%, while 
dietary inclusion levels of ASBM of 12% can provide similar high growth rate and small 
impacts on feed conversion at dietary lipid level of 12 and 15%. Within this dietary variation, 
and by providing a minimum of 48% protein in the diet, normal growth, health and quality of 
cod were obtained. By using the complete salmon by-products containing more muscle 
protein and lipid, it is expected that salmon by-products can be used more efficiently for fish 
meal and fish oil replacement than demonstrated in the present trial.  
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Table 1.  Diet composition of the basal diet (a = 12% lipid)  

 
ASBM 0 
Diet 1a 

ASBM 6 
Diet 2a 

ASBM 12 
Diet 3a 

ASBM 18 
Diet 4a 

Fish meal (LT) 360 310 260 210 
Salmon bone meal 0 60 120 180 
Fish Oil  72 73 73 73 
Wheat gluten meal 60 60 60 60 
Wheat meal 64.5 54.7 48.4 42.1 
Extracted soybean meal 40 40 40 40 
Sunflower meal 100 100 100 100 
Full fat soybean meal 40 40 40 40 
Soy protein concentrate 120 120 120 120 
Corn gluten meal 85 85 85 85 
Betafin 4 4 4 4 
Inositol 0.3 0.3 0.3 0.3 
Vitamin mix 20 20 20 20 
Mineral mix 5 5 5 5 
CaHPO4 x 2 H2O, 22.7% 17.5 15 10 5 
Yttrium oxide 0.2 0.2 0.2 0.2 
Arg, 84% 2.5 3.0 3.5 4.0 
Thr, 98.5% 1.5 1.8 2.1 2.4 
Lys, 99.5% 7.5 8.0 8.5 9.0 
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Table 2.  Chemical composition, gross energy, digestible protein to gross energy (DP:GE) and minerals (Ca and P) of experimental 
diets  

 Protein Lipid Moisture Ash Starch Gross 
energy1 DP:GE2 Total P Soluble P Ca Ca:P 

Diet g 100 g-1 g 100 g-1 G 100 g-1 g 100 g-1 g 100 g-1 MJ kg-1  % %   
1a 52,8 13 7,4 8,9 6,5 20,56 21,9 1,5 0,8 1,59 1,06 
2a 51,5 12,8 7,6 10,9 6,1 20,01 22,2 1,78 0,71 2,39 1,34 
3a 50,7 12,9 6,1 12,7 6 19,75 21,4 2,1 0,58 3,21 1,53 
4a 49,2 12,6 6,9 14,8 5,6 19,05 20,9 2,48 0,48 4,03 1,63 
            
1b 50,7 16,1 6,2 8,5 6,7 21,41 20,4 1,45 0,84 1,45 1,00 
2b 49,2 15,6 7,4 10,4 6 20,6 20,3 1,72 0,68 2,25 1,31 
3b 48,1 15,4 6,9 12,1 6 20,15 19,9 2,03 0,54 2,96 1,46 
4b 46,5 15,6 7,3 13,9 5,4 19,67 19,1 2,25 0,43 3,96 1,76 
            
1c 48,8 18,7 6,9 8,2 6,4 21,86 19,3 1,34 0,79 1,5 1,12 
2c 47,7 18,6 6,7 10,1 6 21,3 19,0 1,65 0,67 2,26 1,37 
3c 46,6 18,3 6,8 11,7 5,7 20,74 18,9 2,01 0,57 2,97 1,48 
4c 44,9 18,5 7,3 13,2 5,3 20,36 18,2 2,23 0,43 3,54 1,59 
            
5  49,1 16 6,8 11,5 5,3 20,5 20,3 1,87 0,61 2,7 1,44 
5 49,1 16 6,8 11,5 5,3 20,5 20,6 1,87 0,61 2,7 1,44 
5 49,1 16 6,8 11,5 5,3 20,5 20,5 1,87 0,61 2,7 1,44 
5 49,1 16 6,8 11,5 5,3 20,5 20,5 1,87 0,61 2,7 1,44 
1 Gross energy is calculated based on combustion values for protein 23.6 MJ kg-1, lipid 39.5 MJ kg-1 and carbohydrate 17.1 MJ kg-1, respectively  
2 DP:GE; Gives the ratio between g digested protein to dietary gross energy. Analysed value for digestible protein and lipid in cod is used to calculate dietary 
gross energy, while estimated for carbohydrate (0.65%).    
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Table 3.  Statistical Models of Y = b0 + ASBM% x b1 + Diet Lipid% x b2 + (ASBM%)2 x b1
2 

+ ASBMxLipid x b1xb2 + (Lipid)2 x b2
2 + error 

Explained Response averageY      
Variance(Y) Y b0 b1 b2 b1

2 b1xb2 b2
2

(%)        
71,3 SGR (all) 1,10 2 -0,003 -0,002 -0,00014 -0,00018 -0,00007
56,7 SGR>160g 1,084 -0,002 -0,00045 -9,6E-05 -0,000116 -1,5E-05
71,5 TGC 2,181 -0,006 -0,005 -0,00032 -0,000405 -0,00015
75,2 FCR 0,775 0,002 0,001 0,000115 0,000146 2,98E-05
53,6 P_Absorb 6,376 -0,18 -0,003 0,01
61,2 Body_lipid 4,289 0,024 0,246  
60,3 Body_DM 23,605 0,02 0,166  
90,9 ADC_Prot 84,534 -0,193 0,088 -0,003 0,001 0,004
75,3 ADC_Lipid 79,52 -0,274 0,337  
81,9 ADC_Energy 72,801 -0,25 0,218 -0,001 0,003 0,007
95,9 ADC_Phos 44,194 -1,876 0,668 0,017 0,012 -0,015
42,4 Vertebra_DM 43,324 0,286 0,105 -0,02 0,015 0,018
46,7 Vertebra_Prot 32,683 0,028 -0,023 -0,00037 0,001 0,001
65,1 Vertebra_Ash 64,268 -0,052 -0,011 -0,001 0,001 0,0005
86,1 Plasma_TAG 3,54 -0,013 0,056 0,00034 0,00044 -0,00027
91,2 HSI 6,71 -0,019 0,25 0,001 -0,001 -0,00047
48,5 GI 0,53 -0,007 -0,007 0,00015 0,00031 -3,2E-05
76,6 DOP 14,2 0,025 0,309 -0,001 0,0002 0,002
51,3 pH_stomach 1,22 0,047 0,014 -0,001 0,003 0,002
54,2 pH_pylorus 7,56 -0,004 -0,011 -0,0004 -0,0003 0,001
69,5 pH_dist_CB 7,49 0,023 -0,055 -7E-07 0,001 -0,00003
70,2 DM_Stomach 8,723 0,205 1,156 -0,003 0,011 -0,00004
80,4 DM_pylorus 13,01 0,15 -0,014 -0,001 -0,0004 0,001
91 DM_DC 12,46 0,16 -0,1 -0,001 -0,002 0,00014

        81,9 GI_Sulphur 2,35 -0,027 -0,032 0,00033 0,00036 -0,0003
73,8 GI_Nitrogen 1,349 -0,046 0,249 0,00003 -0,002 -0,0004
72,6 GI_Carbon 14,6 -0,26 1,8 -0,001 -0,01 -0,006
51,4 GI_Hydrogen 1,3 -0,053 0,493 -0,0003 -0,005 -0,002
70,8 Elastase1 0,383 -0,006 -0,005 0,00023 0,00012 -0,00016
49 Lipase 0,575 -0,012 0,022 -0,0003 -0,001 0,00015

59,1 Trypsin 137 -1,657 -1,264 0,037 0,048 -0,026
43,1 Bile acid 77,8 -0,699 -0,025 -0,015 0,016 0,015
42,5 LAP pylorus 121 1,408 -0,203 0,009 -0,017 -0,006
91 MI_1+2+3_index 0,812 0,003 0,008 0,00016 -0,000238 -0,00021

   
 




