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Abstract

Studies were conducted with Atlantic cod, Gadus morhua (L.), to determine the apparent digestibility coefficients (ADCs) of
protein and energy and the digestible energy (DE) content in feed ingredients widely available in Canada. We also tested the
assumption of “independency” used in digestibility studies. The feed ingredients included two fish meals (herring, anchovy), three
crustacean by-product meals (whole krill, crab, shrimp), two animal by-product meals (poultry by-product, hydrolyzed feather), six
oilseed meals (soybean, soy protein concentrate, soy protein isolate, canola, canola protein concentrate, flaxseed), two pulse meals
(white lupin, pea protein concentrate) and two cereal grain meals (corn gluten, wheat gluten). Protein ADCs were high for wheat
gluten meal (99.9%), soy protein concentrate (98.6%), soy protein isolate (97.4%), whole krill meal (96.3%), herring meal (93.3%),
soybean meal (92.3%), anchovy meal (92.2%), pea protein concentrate (89.8%), white lupin meal (89.7%), crab meal (89.4%),
canola protein concentrate (88.8%) and corn gluten meal (86.3%); mid-range for poultry by-product meal (80.2%) and canola meal
(76.0%); and low for shrimp meal (66.7%), hydrolyzed feather meal (62.4%) and flaxseed meal (50.2–55.0%). Energy ADC was
high for whole krill meal (96.3%), wheat gluten meal (95.4%), soy protein concentrate (94.9%), herring meal (92.8%), soy protein
isolate (92.1%), soybean meal (88.1%) and anchovy meal (86.4%); mid-range for canola protein concentrate (83.3%), corn gluten
meal (82.7%), crab meal (82.4%), pea protein concentrate (76.7%) and white lupin meal (75.3%); and low for poultry by-product
meal (71.0%), canola meal (60.6%), hydrolyzed feather meal (58.9%), shrimp meal (41.4%) and flaxseed meal (21.2–37.4%).
From the protein ADC data, results clearly showed that the basal diet and test feed ingredients were digested independently of one
another in nearly all cases, the only exceptions being for those diets containing test ingredients of very high (N99%, wheat gluten)
or very low (b67%, hydrolyzed feather and flaxseed) protein ADCs. In the case of DE, the basal diet and test feed ingredients were
digested independently in all test diets without exception.
© 2006 Crown Copyright. Published by Elsevier B.V. All rights reserved.

Keywords: Cod; Digestibility; Marine by-products; Animal by-products; Plant proteins

1. Introduction

In recent years, marine culture of gadoids has
expanded in Eastern Canada and Western Europe. The

production of species like Atlantic cod is expected to
reach 140–180,000 tonnes by the year 2010 (Rosenlund
and Skretting, 2006). These fish are known to have a high
protein requirement (50–60%) (Lall et al., 2003;
Rosenlund et al., 2004) but limited information is
available on digestion of major nutrients and energy
from various feed ingredients (Tibbetts et al., 2004; Kim
et al., 2006). Selection of potential ingredients for feed
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formulation for any fish species requires knowledge of the
apparent digestibility coefficients (ADCs) of energy-
yielding nutrients (starch and sugars, fat, protein, non-
starchy polysaccharides). Fish meal provides the main
source of protein in salmonid and marine fish diets. The
nutritional value of various fish meals for salmonids
grown in Canada has been investigated extensively
(Anderson et al., 1997; Lall and Anderson, 2005).
World-wide fish meal use for aquafeeds will reach
4 million tonnes by 2015, representing N66% of the
expected global supply (New andWijkström, 2002).With
this ever-growing demand for high-quality fishmeals, fish
feeds must increasingly be formulated with alternate
protein sources from marine, animal or plant origin that
are both economical and highly digestible (see review of
Hardy, 1996). The use of these alternatives in on-growing
diets must still be able to support similar fish performance
and, concurrently, have little or no adverse effects upon
fish health and the environment.

Several factors can affect protein quality and the
nutrient profile of fish, crustacean and animal by-product
meals. These include characteristics of the raw material
(species, freshness,whole animal or scraps), processing of
the raw ingredients such as the drying process and
temperature, lipid peroxidation and storage conditions of
themeal (Pike, 1991). Themajor by-product of crustacean
processing is the shell which contains 50–80% chitin, an
amino polysaccharide (poly-β-(1→4)-N-acetyl-glucos-
amine). The natural diet of cod consists of N37% chitin-
rich crustaceans and echinoderms including crabs,
shrimps and brittle stars (see Lall and Nanton, 2002).
Cod naturally produce significant concentrations of the
digestive enzyme chitinase (Danulat and Kausch, 1984)
and in vivo chitin digestibility may be as high as 90% for
cod (Danulat, 1987). Accordingly, crustacean by-pro-
ducts have been identified as good candidates to replace
fish meal in diets for Atlantic cod (Toppe et al., 2006). At
the same time, crustacean by-product meals are usually
high in ash content (N20%), which can adversely affect
digestibility of fish feeds (NRC, 1993).

Poultry by-product and hydrolyzed feather meals are
produced from the wastes generated by the poultry
processing industry. Production processes are similar to
that of fish meal with an extra Ca(OH)2 digestion in the
production of hydrolyzed feather meal. These animal
by-product meals are generally high in crude protein
(60–80%); however, they tend to be methionine
deficient. Poultry by-product meal can also be high in
ash (N15%) and is often variable in proximate
composition. Protein digestibility can be quite low for
hydrolyzed feather meal due to high levels of keratin
(Dong et al., 1993; Hardy and Barrows, 2002).

Partial replacement of fish meal with plant protein
supplements or complete replacement with concentrates
from these products has been successful in several
commercially important salmonid species (Higgs et al.,
1995; Kaushik et al., 1995) and turbot (Regost et al.,
1999). Factors limiting the use of plant protein sources
include low protein content, high fiber content, an
amino acid imbalance, poor palatability and the
presence of anti-nutritional factors or toxicants (e.g.
protease inhibitors, lectins, phytic and/or erucic acid,
sinapin, saponins, phytoestrogens, alkaloids, tannins,
cyanogens, glucosinolates). These factors adversely
affect digestion, absorption, physiological utilization
of protein and amino acids, lipids and fatty acids and
minerals and cause several other undesirable effects
when incorporated into fish feeds (see review of Francis
et al., 2001). Plant-based protein sources, however, can
provide high nutritional value in fish diets when
properly incorporated into feed formulations, supple-
mented with purified amino acids and feed attractants
and properly heated during feed processing. Unfortu-
nately, many of the modified plant-based feed ingre-
dients (protein concentrates, isolates and glutens)
become cost-prohibitive in least-cost ration formula-
tions (Hardy, 1996).

The objectives of the present study were to: (1)
determine the apparent digestibility coefficients (ADCs)
of protein and energy and the digestible energy (DE)
content of a wide range of feed ingredients available in
Canada including fish meals, crustacean by-product
meals, animal by-product meals and plant-based meals
when included at 30% in the diet for Atlantic cod and (2)
test the assumption that the basal mix portion of the test
diet (70%) and the test feed ingredient (30%) are digested
independently of one another (Cho et al., 1982).

2. Materials and methods

2.1. Fish

Atlantic cod juveniles were cultured at the NRC
Institute for Marine Biosciences, Marine Research
Station (Halifax, Nova Scotia) for use in this study.
Three hundred and sixty of these fish (89.9±4.0 g
average weight) were temperature acclimated in a single
2000 L circular fiberglass tank with flow-through (30 L/
min), filtered (30 μm) seawater (salinity, 28–30 ppt).
Temperature acclimation involved a gradual increase in
water temperature (0.5 °C per day) from 4 to 12 °C over
a 3-week period. During this period, the fish were hand-
fed EWOS™ 5.0 mm Marine Feed (EWOS Canada,
Surrey, BC, Canada) twice daily (0900 and 1600 h) to
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apparent satiation. The proximate composition (as-fed
basis) of this diet was: moisture 63 g/kg, crude protein
551 g/kg, lipid 119 g/kg, ash 106 g/kg, and gross energy
21 MJ/kg.

2.2. Experimental diets

A practical, fish meal-based basal diet (Table 1) was
formulated according to digestible protein (DP) and
digestible energy (DE) values of feed ingredients for
haddock (Tibbetts et al., 2004). Seventeen experimental
diets were subsequently produced containing a mixing
ratio (w/w basis) of basal diet (69.75%) and test feed
ingredient (29.75%). One additional diet containing
99.5% basal diet with no test feed ingredient was also
produced and served as the reference diet. All 18
experimental diets were supplemented with chromic
oxide (Cr2O3, 5 g/kg) as the inert digestion indicator
(Austreng, 1978).

The test feed ingredients consisted of two fish meals
(herring, anchovy), three crustacean by-product meals
(whole krill, crab, shrimp), two animal by-product meals
(poultry by-product, hydrolyzed feather), six oilseed

meals (soybean, soy protein concentrate, soy protein
isolate, canola, canola protein concentrate, flaxseed), two
pulsemeals (white lupin, pea protein concentrate) and two
cereal grain meals (corn gluten, wheat gluten). Their
international feed number, proximate composition, gross
energy content and supplier are given in Table 2. Dry
ingredients of the basal diet and all test feed ingredients
were finely ground (b800 μm) using a Perten Laboratory
Mill (Model 3100, Perten Instruments, Huddinge,
Sweden). Micronutrients (vitamins and minerals) were
pre-mixed with groundwheat as a base, using a twin-shell
blender (Paterson-Kelly, East Stroudsburg, PA, USA)
prior to being added to the main ingredient mixture. All
ingredients were mixed in a Hobart mixer (Model H600T,
Rapids Machinery Co., Troy, OH, USA) and steam-
pelleted into 4.0 mm pellets (California Pellet Mill Co.,
San Francisco, CA, USA). The pellets were dried in a
forced-air drier at 80 °C for 90 min to form dry, sinking
pellets and stored in air-tight containers at −20 °C until
use. Diets were screened to remove fines prior to feeding.

2.3. Digestibility system and fecal collection

After the 3-week temperature acclimation, the fish
were randomly distributed into a digestibility system
consisting of 12 tanks (120 L capacity) each equipped
with a fecal collection column (Fig. 1), which was a
modification of the Guelph system (Cho et al., 1982).
The modifications were made in order to (1) utilize a
single, circular fiberglass tank as the experimental unit
rather than triple, grouped rectangular tanks and (2)
increase the rate and quantity of fecal recovery by re-
positioning the fecal collection column directly below
the drain at the bottom of the tank. This modification
increased the efficiency of fecal settlement by eliminat-
ing any requirement for horizontal flow. A gate valve
was installed at the connection between the tank and the
fecal collection column so that the column could be
isolated from the effluent water and removed from the
system for cleaning at the end of each day without any
disruption in water flow to the fish.

The fish were acclimated to these tanks and the
experimental diets for 2 weeks prior to beginning the trial.
The experiment was conducted according to a randomized
block design and replicated twice. Each of the 18
experimental diets was fed to two tanks, each containing
30 fish with an initial meanweight of 89.9±4.0 g. Filtered
(30 μm), UV-treated seawater (salinity, 28–30 ppt) was
supplied to each tank at a flow rate of 3 L/min in a flow-
through system and continuously aerated (8.6±0.8 mg/L
dissolved oxygen; 91±6% gas saturation). The water
temperature was maintained thermostatically (11.9±

Table 1
Formulation and proximate composition of the basal diet (as-fed basis)

Ingredient (g/kg)
Herring meal (76.9% CP)a 480.0
Wheat gluten meal (80.1% CP)b 50.0
CPSP-G (73.2% CP)c 50.0
Wheat middlings (17.9% CP)d 168.0
Whey powder (10.4% CP)e 70.0
Krill hydrolysate (57.7% CP)f 20.0
Corn starch (pre-gel)g 56.0
Vitamin mixtureh 19.5
Mineral mixtureh 19.5
Choline chloridei 3.0
Herring oil j 64.0

Proximate composition (n=2)
Moisture (g/kg) 100.5
Crude protein (g/kg) 487.5
Lipid (g/kg) 120.6
Ash (g/kg) 63.1
Carbohydratek (g/kg) 228.3
Gross energy (MJ/kg) 20.5

a St. Laurent Gulf Products Limited (Caraquet, NB, Canada).
b Roquette UK Limited (Northants, UK).
c Concentre proteique soluble de poisson (soluble fish protein

concentrate) (Sopropêche, France).
d Dover Mills Limited (Halifax, NS, Canada).
e Farmers Co-operative Dairy (Truro, NS, Canada).
f SD-KH2, MaraVision Marine Products (Vancouver, BC, Canada).
g National Starch and Chemical Company (Bridgewater, NJ, USA).
h Vitamin and mineral premixes according to Tibbetts et al. (2004).
i USB Corporation (Cleveland, OH, USA).
j Corey Feed Mills Limited (Fredericton, NB, Canada).
k Calculated as 1000− (moisture+crude protein+lipid+ash).
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0.2 °C) and monitored daily. The rearing temperature of
12 °C is within the preferred zone of 9–17 °C for Atlantic
cod where gastric evacuation rate, appetite and feeding
rates are maximized (Jobling, 1988). During the 10-week
experimental period, fish were hand-fed to apparent
satiety 3 times daily during the week (0900, 1300,
1600 h) and twice daily on weekends (0900, 1300 h). Any
dead or moribund fish were collected, weighed and
recorded on a daily basis. Each week-day, after the final
feeding (1600 h), the tanks and fecal collection columns
were thoroughly cleaned with a brush to remove any
residual particulate matter (feces and uneaten feed). There
were no fecal collections made on weekends. Fecal
samples were collected each morning (0830 h) into
250 mL plastic bottles, centrifuged (4000 rpm [2750 ×g]

for 20 min at 4 °C) and the supernatant carefully decanted
and discarded. Approximately 17–18 h elapsed between
the last feeding and the fecal collection. A minimum of
40 g of wet material was collected from each tank (20 g at
each of 2 consecutive collection periods) and each sample
was stored in a sealed container at −20 °C for the duration
of the collection period. Fecal samples were lyophilized,
finely ground and stored at −20 °C until further analyses.

2.4. Analytical techniques, calculations and data

analyses

Test feed ingredients, experimental diets and lyophilized
fecal samples were analyzed in duplicate using the same
procedures. Moisture was determined by drying in an oven

Table 2
Proximate composition and gross energy content (as-fed basis) of the test feed ingredients (n=2)

International feed number Moisture
(g/kg)

Crude protein
(g/kg)

Lipid
(g/kg)

Ash
(g/kg)

Carbohydratea

(g/kg)
Gross energy
(MJ/kg)

Fish meals
Herring mealb 5-02-000 70.8 745.4 101.3 104.4 0.0 20.8
Anchovy mealc 5-01-985 77.8 683.2 95.8 157.6 0.0 19.1

Crustacean by-product meals
Whole krill meald 5-16-423 47.7 723.9 52.9 175.5 0.0 18.8
Crab meale 5-01-663 91.3 540.4 57.1 227.3 83.9 15.8

Shrimp mealf 5-04-226 62.3 372.3 34.8 383.8 146.8 12.4
Animal by-product meals

Poultry by-product mealg 5-03-798 50.2 663.4 145.7 107.6 33.1 22.0
Hydrolyzed feather mealg 5-03-795 58.0 835.0 79.4 38.1 0.0 22.7

Oilseed meals
Soybean mealh 5-04-612 113.7 473.1 20.4 59.8 333.0 17.4
Soy protein concentratei 5-08-038 79.0 686.6 3.1 51.1 180.2 19.0
Soy protein isolatei – 76.4 855.7 44.0 44.7 0.0 21.2
Canola meal j 5-06-145 63.1 389.1 26.5 71.0 450.3 18.2
Canola protein concentrate j – 47.5 614.5 27.3 103.5 207.2 19.4
Flaxseed mealk – 120.5 309.9 95.1 46.3 428.2 18.8

Pulse meals
Pea protein concentratel – 72.1 489.8 40.7 49.0 348.4 18.5
White lupin mealm – 74.5 384.9 62.1 34.2 444.3 18.9

Cereal grain meals
Corn gluten mealh 5-28-242 110.1 616.2 42.6 9.9 221.2 20.9
Wheat gluten mealn – 73.9 793.1 19.0 5.0 109.0 22.6

a Calculated as 1000− (moisture+crude protein+ lipid+ash).
b Scotia Garden Seafood Incorporated (Yarmouth, NS, Canada).
c Sindicato SA, Grupo Sipesa (Lima, Peru).
d Aqion (Colorado Springs, CO, USA).
e St. Laurent Gulf Products Limited (Caraquet, NB, Canada).
f Island Fisherman's Co-Op (Lemeque, NB, Canada).
g Rothsay (Dundas, ON, Canada).
h Bunge Canada (Oakville, ON, Canada).
i Soycomil® and Pro-Fam®, respectively; Archer Daniels Midland (Decatur, IL, USA).
j MCN BioProducts Incorporated (Saskatoon, SK, Canada).
k Bioriginal Food and Science Corporation (Saskatoon, SK, Canada).
l Parrheim Foods (Portage La Prairie, MB, Canada).
m Alberta Department of Agriculture (AB, Canada).
n Roquette UK Limited (Northants, UK).
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at 105 °C for 18 h and ash by incineration in a muffle
furnace at 550 °C for 18 h (Woyewoda et al., 1986). Crude
protein (% nitrogen×6.25) was measured by the Dumas
method (Ebeling, 1968) using a Leco nitrogen determinator
(Model FP-528, Leco Corporation, St. Joseph, MI, USA).
Total lipid was determined using a modified Bligh and
Dyer (1959) method. Organic matter was calculated by
difference (100− [moisture+ash]) and carbohydrate was
calculated by difference (100− [moisture+ash+protein+
lipid]). Gross energy was measured using an isoperibol
oxygen bomb calorimeter (model 6200, Parr Instrument
Company, Moline, IL, USA) equipped with a Parr 6510
water handling system for closed-loop operation. Chro-
mic oxide content of experimental diets and fecal samples
was determined by flame atomic absorption spectropho-
tometry using an AAnalyst 300 atomic absorption spec-
trophotometer (Perkin-Elmer, Norwalk, CT, USA)
following a microwave acid digestion procedure as de-
scribed by Peach (2005, pp. 52–54) using a Multiwave
sample preparation platform system (Perkin-Elmer, Nor-
walk, CT, USA).

Diet digestibility (% dry matter digestibility) for the
reference and test diets was calculated as follows:

Diet digestibilityð%Þ ¼ 100−ð100
� ½Cr2O3 diet=Cr2O3 feces�Þ

Apparent digestibility coefficients (ADCs) of protein
and energy for the reference and test diets were cal-
culated according to Maynard et al. (1979 p. 41) as
follows:

%ADC ¼ 100−ð100� ½Cr2O3 diet=Cr2O3 feces�
� ½ nutrient feces= nutrient diet�Þ

Using these data, protein and energy ADCs for the
single test feed ingredients were calculated according to
Forster (1999).

%ADC ¼ ð½aþ b� � ADC test diet−½a�

� ADC reference dietÞ � b−1

a nutrient contribution of reference diet to
nutrient content of test diet

b nutrient contribution of test ingredient to
nutrient content of test diet

To calculate the predicted test diet ADC, the
following formula was used:

Test diet protein ADC or DE
¼ ð½0:7 � reference diet protein ADC or DE�

þ ½0:3 � test ingredient protein ADC or DE�Þ

Mean protein and energy ADC (or DE) ±standard
error (SE) were calculated from the average of 2
replicate tanks receiving each experimental diet. Statis-
tical analyses were performed using analysis of
variance, ANOVA (SYSTAT® 8.0) with a 5% level of
probability (Pb0.05) selected in advance to sufficiently
demonstrate a statistically significant difference.

3. Results and discussion

3.1. Composition of test feed ingredients

The proximate composition and gross energy content
of the 17 test feed ingredients are reported in Table 2 along
with their international feed numbers. The moisture
content of the feed ingredients ranged between 5 and
12%. The crude protein (68 and 75%) and lipid (10%)
content of the fish meals are in the typical range of 55–
75% and 5–10%, respectively (Hardy, 1996). The ash
values were as expected with herring meal at 10% and
anchovy meal at 16% (NRC, 1993). Since herring meal
contains higher protein and lower ash than anchovy
meal, the gross energy content of the herring meal
was about 2 MJ/kg higher than anchovy meal (21 vs.
19 MJ/kg).

Fig. 1. Modified digestibility system used in this study (GV = gate
valve; FCC = fecal collection column; EW = effluent water).

1318 S.M. Tibbetts et al. / Aquaculture 261 (2006) 1314–1327
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The krill meal used in this study was produced by
finely grinding (b800 μm) whole freeze-dried krill
(Euphausia superba) and thus the proximate composi-
tion was quite different from that found in commercially
produced krill meals. The earlier work of Storebakken
(1988) reported a proximate composition of 62% crude
protein, 12% lipid, 16% ash and 5% chitin in krill.
Typically, krill meals produced from various species
contain in the range of 33–55% protein, 15–20% lipid
and 15–28% ash (Hardy and Barrows, 2002). The
whole krill meal used here contained considerably
higher protein (72%), lower lipid (5%) and had an ash
content within the range reported (17%). The crab meal
used in this study was provided by a local company that
has made significant improvements in processing of
Atlantic snow crab (Chionoecetes opilio) over the years.
Crab meals typically contain 32% protein and 41% ash
(NRC, 1993) while the crab meal used in this study had
a much higher protein (54%) and lower ash (23%)
content. The crude protein (37%) and lipid (3.5%)
contents of the shrimp meal were close to expected
(Hardy, 1996; NRC, 1993), whereas the ash content was
very high (38%). Most shrimp meals typically contain
18–27% ash (Hardy, 1996; NRC, 1993).

The poultry by-product meal used in this study
contained 15% lipid, 11% ash and 66% crude protein.
Typically, poultry by-product meals contain 58–60%
protein and 14–16% ash (Hardy, 1996; Hardy and
Barrows, 2002). The hydrolyzed feather meal contained
the expected (80–85%) protein level (83%) but higher
levels of lipid (8%) and ash (4%) where typical levels
are 5 and 3%, respectively (NRC, 1993; Hardy and
Barrows, 2002).

The composition of soybean meal and canola meal
were as expected at 47 and 39% protein, 2 and 3% lipid
and 6 and 7% ash, respectively (Hardy, 1996). Canola
and soy protein concentrates are typically high (55–
80%) in protein (Hardy, 1996) and the products used in
this study were in that range (61 and 69%, respectively).
As expected, the protein content of the soy protein
isolate was much higher at 86%. Further processing of
these plant-based ingredients increased the gross energy
(MJ/kg) contents (soybean meal [17], soy protein
concentrate [19], soy protein isolate [21] and canola
meal [18], canola protein concentrate [19]).

The pea protein concentrate used in this study was an
air-classified protein concentrate and contained higher
protein (49%) than regular pea meals which contain
b25% protein (Hardy, 1996). The white lupin meal
contained 38% protein, which is in the typical range
(35–43%) for dehulled lupin seeds (Hardy, 1996). Both
pulse meals contained relatively high lipid (4 and 6%),

low ash (3 and 5%) and high gross energy (19 MJ/kg),
which is comparable to some fish meals and other plant
protein concentrates.

Crude protein and lipid content of the corn gluten
meal were slightly higher than typically reported (62 and
4%) and may be the result of the slightly lower ash (1%)
content (NRC, 1993). The wheat gluten meal used in
this study was typically high (79%) in protein (Hardy,
1996) and very low in lipid (2%) and ash (0.5%). The
flaxseed meal was produced by finely grinding
(b800 μm) flaxseed press-cake and it contained
relatively low amounts of protein (b31%) and high
carbohydrate (43%), which was similar to canola meal
(45%).

It should be noted that differences in proximate
composition of test feed ingredients do exist from batch
to batch given the variations in the season of harvest/
catch of the raw materials and processing conditions
used by various production plants. In addition to
differences in their proximate composition, differences
in digestibility also occur in feed ingredients that appear
to be the same. These effects and also the effect of fecal
collection method on ADC values will be discussed
further.

3.2. Survival and feed acceptance

Over the 10-week experimental period, fish survival
was high on all diets (96–100% survival). It was
observed that all diets were accepted equally well by the
fish with the exception of diets containing crustacean
by-product meals and pea protein concentrate. The
crustacean meals induced a positive feeding response.
The diet containing pea protein concentrate was not
readily accepted by the fish. This can likely be attributed
to the presence of soyasaponin 1 which occurs naturally
in peas and is described as having a bitter, astringent and
metallic flavor (Price et al., 1985).

3.3. Test diet composition and digestibility

The proximate composition, gross energy content
and dry matter diet digestibility of the experimental diets
are shown in Table 3. All diets had moisture contents in
the range of 8 to 10%. Protein and energy content
ranged from 44 to 61% and from 18 to 21 MJ/kg,
respectively and reflected the protein and energy
contents of the test ingredients. The ash content was in
the range of 5 to 11% for the experimental diets with the
exception of the diet containing shrimp meal (15%).

Digestibility of the reference diet was 76% and most
test diets were similar to or higher than that value (range,
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73–81%), with the exceptions of test diets containing
white lupin meal, hydrolyzed feather meal, canola meal,
shrimp meal and flaxseed meal (range, 53–71%). This is
likely due to high levels of ash (N38%) in shrimp meal,
carbohydrate (N40%) in canola, flaxseed and white
lupin meals and keratin protein in hydrolyzed feather
meal.

There were 2 consecutive fecal collection periods for
fish fed all experimental diets and ADCs of each diet at
the 2 collection periods were compared by ANOVA. No
significant differences (PN0.05) between collection
periods, with the exception of the diet containing
flaxseed meal were observed; accordingly, data for
periods 1 and 2 were pooled for the remaining 17
experimental diets. For the diet containing flaxseed
meal, there was a significant period effect (Pb0.05)
where the diet ADC for period 1 was 53% but had
significantly improved to 59% by period 2. As a result,

all further data analysis for this diet was treated
separately and denoted as flaxseed meal (period 1) and
flaxseed meal (period 2), respectively. The flaxseed
meal used in this study was not a commercial product,
rather it was prepared in our lab by finely grinding press-
cake after oil extraction and was not dehulled. This
product likely was quite high in indigestible fiber
(essentially “bulk”), which promoted a laxative effect
and had a pronounced effect on fecal output, as has been
observed with European seabass (Dias et al., 1998).
Thus, it is not surprising that diet digestibility was low.
The significant increase in diet ADC from 53% in period
1 to 59% in period 2 indicates that the fish gut micro-
flora may have adapted to this dietary stressor by
increasing in population in the presence of the elevated
level of dietary fiber, however, there is no evidence in
the literature to support this claim. If these fish were kept
on this diet for a longer period of time, it is doubtful that
the diet ADC would continue to improve significantly
given the cold-water, carnivorous nature of Atlantic cod.

3.4. Fish meals

Protein ADCs for the fish meals were high (Table 4).
The value for herring meal (93%) is similar to that
previously reported for haddock (Melanogrammus aegle-

finus) (94–96%) (Tibbetts et al., 2004; Kim et al., 2006)
and salmonids such as rainbow trout (Oncorhynchus
mykiss), Atlantic salmon (Salmo salar), coho salmon
(Oncorhynchus kisutch) and Chinook salmon at 89–96%
(Anderson et al., 1997; Hajen et al., 1993; Sugiura et al.,
1998; Burel et al., 2000; Cheng and Hardy, 2002). The
value for anchovy meal (92%) is similar to those reported
for salmonid species, which is in the range of 86–94%
(Anderson et al., 1995; Hajen et al., 1993; Sugiura et al.,
1998, 2000; Thiessen et al., 2004; Glencross et al., 2005).
Protein ADCs of fish meals measured with cod are also
similar to those reported for turbot (Psetta maxima),
seabass (Dicentrarchus labrax) and Atlantic halibut
(Hippoglossus hippoglossus) at 91–96% (Gomes da
Silva and Oliva-Teles, 1998; Burel et al., 2000; Peach,
2005). Energy ADCs for the fish meals were also high
(herring meal, 93% and anchovy meal, 86%) and are in
the same range as those reported for the speciesmentioned
above (88–99%).

As noted previously, differences in ADC values of
feed ingredients do occur frequently and are usually the
result of species differences, variations in the season of
harvest/catch of the raw materials and processing
conditions used by various production plants. We have
no control over these factors in the present study as only
one sample of each feed ingredient was used. In

Table 3
Proximate composition, gross energy content (as-fed basis, n=2) and
diet digestibility (mean±SE, n=4, ranked highest to lowest) of the
reference and test diets

Moisture
(g/kg)

Crude
protein
(g/kg)

Ash
(g/kg)

Gross
energy
(MJ/kg)

Diet
ADC (%)

Wheat gluten
meal

90.7 595.3 50.1 21.1 81.1±0.5

Whole krill
meal

89.3 560.8 98.4 20.0 80.2±0.4

Soy protein
isolate

94.2 611.2 63.9 20.6 79.8±1.1

Herring meal 91.7 570.9 80.4 20.5 79.0±0.1
Soy protein
concentrate

91.1 559.6 65.3 20.0 77.4±0.4

Anchovy meal 94.4 566.9 95.2 19.8 77.3±0.6
Corn gluten
meal

100.2 535.6 53.1 20.5 77.0±0.4

Reference 100.1 493.9 69.7 20.4 76.0±0.7
Soybean meal 100.4 483.7 68.5 19.6 75.5±0.6
Canola protein
concentrate

83.5 542.2 80.8 20.0 74.9±0.4

Crab meal 94.8 507.8 109.3 19.2 74.5±0.2
Poultry by-
product meal

81.8 548.5 82.9 20.8 73.3±1.2

Pea protein
concentrate

87.9 495.1 65.9 19.9 72.7±0.3

White lupin
meal

89.6 456.0 60.1 20.0 70.8±0.6

Hydrolyzed
feather meal

83.0 599.3 60.4 21.1 68.4±0.7

Canola meal 88.4 468.6 70.7 19.8 66.8±0.6
Shrimp meal 85.4 463.3 154.1 18.2 60.9±0.5
Flaxseed meal
(period 2)

102.7 439.5 63.2 19.9 58.8±0.1

Flaxseed meal
(period 1)

52.7±0.3
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addition, differences can occur due to procedures used
by various laboratories including fecal collection
method, ADC equation used and variations in the
formulation of the reference diet. With regard to the
fecal collection method and ADC equation used, it is
well documented that procedures involving manually
stripping, anal suction or dissection cause significant
stress to the animal and likely result in fecal samples
contaminated with non-fecal nutrients (digestive
enzymes, bodily fluids, sloughed epithelial cells, etc.).
Fecal samples obtained by these methods tend to
underestimate ADC while methods involving settle-
ment, siphoning or screening may overestimate ADC
due to leaching losses. The method we chose to use
involved the use of a settlement column like the one
used on the original Guelph system where Cho et al.
(1982) reported no significant losses due to leaching. In
addition, our modified tank design further reduced the
likelihood of leaching losses by increasing fecal
recovery time. Variability in ADC values is also due
to the use of different equations to calculate ADC.
Recently, Forster (1999) concluded that the traditional

equation used to calculate ADC (Cho et al., 1982) is
flawed and, thus, the ADC literature for fish contains
values calculated by various equations. In a preliminary
work, we have confirmed the use of Forster's equation
for our work with cod (Tibbetts et al., 2006). While
much of the data cited in this paper for comparison
would likely have been calculated using the traditional
equation, the differences are typically very small and not
significant, but may partly explain some of the variation
presented especially for feed ingredients of low
digestibility.

3.5. Crustacean by-product meals

Protein ADCs were high for whole krill (96%) and
crab (89%) meals and low for shrimp meal (67%).
Although little published information exists for krill
meal digestibility in fish, a lower value (87%) has been
reported for rainbow trout (Vens-Capel and Horstmann,
1978 in Storebakken, 1988) and is likely due to
differences in product quality. Although a different
product, the protein ADC of krill hydrolysate was found
to be almost the same (98%) in Atlantic halibut (Peach,
2005). The 2% higher protein ADC observed in halibut
may be due to the lack of chitin present in krill
hydrolysates, regardless, the protein ADC of whole krill
meal by cod is very high. Protein ADC of crab meal
measured in this study with cod (89%) is similar to that
of Atlantic halibut (88%) and both are higher than
reported previously in our lab with haddock (82%)
(Tibbetts et al., 2004). This is likely the result of
improved production protocols now employed by the
crab meal manufacturer as mentioned earlier. The low
protein ADC reported here for shrimp meal (67%) is
similar to our previous report with haddock (74%) and
both are lower (82%) than that reported for Atlantic
halibut (Tibbetts et al., 2004; Peach, 2005). The
discrepancy between haddock/cod and other species
may be due to the unusually high ash content of the
shrimp meal sample used in these studies. As such,
digestibility of shrimp meal by gadoids may have to be
re-examined with alternate shrimp meal sources. Ener-
gy ADC was high for whole krill meal (96%), mid-
range for crab meal (82%) and low for shrimp meal
(41%). The value reported for whole krill meal (96%) is
consistent with that reported for krill hydrolysate
(97%) by Atlantic halibut (Peach, 2005). The energy
ADC for crab meal in cod fully agrees with that re-
ported for haddock (83%) but the value for shrimp meal
(41%) is significantly lower than those reported for
haddock and halibut at 70–75% (Tibbetts et al., 2004;
Peach, 2005).

Table 4
Apparent digestibility coefficients (%) for protein and energy and the
DE content (MJ/kg) of 17 common and alternate test feed ingredients
and the reference diet for Atlantic cod

Ingredient Protein ADC Energy ADC DEa

Reference diet 91.2 80.7 16.5
Fish meals

Herring meal 93.3±0.6 92.8±0.1 19.3±0.0
Anchovy meal 92.2±0.5 86.4±0.7 16.5±0.1

Crustacean by-product meals
Whole krill meal 96.3±0.6 96.3±0.6 18.1±0.1
Crab meal 89.4±0.7 82.4±0.7 13.0±0.1
Shrimp meal 66.7±1.4 41.4±4.0 5.1±0.5

Animal by-product meals
Poultry by-product meal 80.2±0.7 71.0±1.1 15.6±0.2
Hydrolyzed feather meal 62.4±0.3 58.9±0.3 13.3±0.1

Oilseed meals
Soybean meal 92.3±1.5 88.1±0.3 15.3±0.1
Soy protein concentrate 98.6±0.6 94.9±0.3 18.0±0.1
Soy protein isolate 97.4±0.6 92.1±0.8 19.5±0.2
Canola meal 76.0±1.6 60.6±1.7 11.0±0.3
Canola protein
concentrate

88.8±0.4 83.3±0.3 16.1±0.1

Flaxseed meal (period 1) 50.2±1.6 21.2±0.3 4.0±0.1
Flaxseed meal (period 2) 55.0±1.1 37.4±0.1 7.0±0.0

Pulse meals
Pea protein concentrate 89.8±0.8 76.7±0.3 14.2±0.1
White lupin meal 89.7±3.8 75.3±1.3 14.3±0.2

Cereal grain meals
Corn gluten meal 86.3±1.0 82.7±0.7 17.2±0.1
Wheat gluten meal 99.9±0.3 95.4±0.7 21.5±0.2

Values are mean±SE (n=4 except for flaxseed meal where n=2).
a As-fed basis.
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3.6. Animal by-product meals

Protein ADCs were mid-range for poultry by-product
meal (80%) and low for hydrolyzed feather meal (62%).
Animal by-product meals are highly variable in
proximate composition based upon several factors (raw
material source and freshness, production processes and
storage) and, as such, the reported values for protein
ADC are also highly variable in fish studies. Protein
ADC values reported for poultry by-product meal for
salmonids (Hajen et al., 1993; Sugiura et al., 1998;
Bureau et al., 1999; Cheng and Hardy, 2002; Cheng
et al., 2004) and Atlantic halibut (Peach, 2005) are in a
wide range of 74–96%. Our value reported for cod
(80%) is within this range and also consistent with that
reported (80%) for gilthead seabream (Sparus aurata)
(Lupatsch et al., 1997). Protein ADC of hydrolyzed
feather meal is higher for salmonids at 71–87% (Hajen
et al., 1993; Sugiura et al., 1998, 2000; Bureau et al.,
1999; Cheng et al., 2004) than that reported here for cod
(62%) but similar to that reported for Atlantic halibut
(58%) (Peach, 2005). The highly variable nature of
animal by-product meals is also reflected in energy ADC
where the values reported for the species listed above are
also highly variable for poultry by-product meal (65–
91%) and hydrolyzed feather meal (57–85%). Our
values for poultry by-product meal (71.0%) and
hydrolyzed feather meal (58.9%) are consistent with
those reported for Chinook salmon at 72% and 57%,
respectively (Hajen et al., 1993). The energy ADC of
hydrolyzed feather meal is also similar to that of Atlantic
halibut at 62% (Peach, 2005).

3.7. Oilseed meals

Protein ADC was high for soybean meal (92%), soy
protein concentrate (99%) and soy protein isolate (97%).
Digestibility of soybean meal has been extensively
studied with various fish species and although there is a
broad range reported on the protein ADC (76–98%), the
value found here for cod (92%) is consistent with those
reported for rainbow trout (92%), coho salmon (93%)
and haddock (92%) (Glencross et al., 2005; Sugiura
et al., 1998; Tibbetts et al., 2004). Similarly, there is a
wide range of values (61–92%) reported for energy
ADC for the above species (Hajen et al., 1993; Lupatsch
et al., 1997; Gomes da Silva and Oliva-Teles, 1998;
Morales et al., 1999; Lee, 2002; Cheng and Hardy,
2003; Peach, 2005; Glencross et al., 2005; Tibbetts
et al., 2004) although the value found for cod (88%)
agrees with haddock (88%) (Kim et al., 2006). The
protein ADC of soy protein concentrate for cod (99%) is

consistent with those reported for rainbow trout (98%)
and Atlantic halibut (100%) while the energy ADC
(95%) is slightly higher than those of rainbow trout
(87%) and Atlantic halibut (92%) (Glencross et al.,
2005; Peach, 2005). The protein ADC of soy protein
isolate for cod (97%) is close to that reported for
rainbow trout (98%) while the energy ADC (92%) is
slightly lower than that of rainbow trout (96%)
(Glencross et al., 2005). Clearly, concentrating soybean
meal into concentrates/isolates has a positive effect on
digestibility and may be attributed to a reduction in anti-
nutritional factors associated with raw soybean meal.
This has been confirmed with rainbow trout, Atlantic
salmon and Atlantic halibut where no negative effects
on fish growth performance were observed with diets
containing relatively high levels of soy protein concen-
trate (Kaushik et al., 1995; Storebakken et al., 1998a,b;
Berge et al., 1999). However, given that protein and
energy digestibility of soybean meal is already high for
cod (92 and 88%, respectively), further processing
significantly increases cost of the products and therefore
may not provide any additional benefit on a price per
digestible nutrient basis. The use of these ingredients in
commercial cod feeds will require growth studies and a
full economic evaluation in a least-cost ration formula-
tion. Interestingly, it was recently found that, in contrast
to salmon, cod do not develop enteritis when soybean
meal is included at high levels in the feed, which is very
promising, given the high dietary protein requirement of
cod (Rosenlund and Skretting, 2006).

Protein ADC was mid-range for canola meal (76%)
and high for canola protein concentrate (89%). For canola
meal, this value is lower than other fish species which are
in the range of 83–95% (Hajen et al., 1993; Mwachireya
et al., 1999; Burel et al., 2000; Cheng and Hardy, 2002;
Tibbetts et al., 2004; Peach, 2005) but the value for canola
protein concentrate (89%) is consistent with rainbow trout
(90%) reported by Thiessen et al. (2004). The energy
ADC of canola meal for cod (61%) is in the range (52–
76%) reported for salmonids and halibut (Anderson et al.,
1992;Hajen et al., 1993;Mwachireya et al., 1999; Burel et
al., 2000; Cheng and Hardy, 2002; Peach, 2005) and was
similar (60%) to haddock (Tibbetts et al., 2004). The
energy ADC for canola protein concentrate is relatively
unknown for most fish species with the exception of
rainbow trout (reported value of 86%, Thiessen et al.,
2004), which is higher than the value obtained for cod
(83%). Like soybean meal, further processing of canola
meal to produce canola protein concentrate had a positive
effect on both protein ADC (canola protein concentrate
89%Ncanolameal 76%) and energyADC (canola protein
concentrate 83%Ncanolameal 61%). However, it appears
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that ash is also concentrated to a relatively high level
(N10%) which is roughly double that of the soy products
and, hence, the digestibility of energy of canola protein
concentrate is marginal. The use of canola products in cod
and haddock (Tibbetts et al., 2004) diets agrees with those
of Burel et al. (2000) on rainbow trout and turbot, that
despite much progress in genetic engineering and
processing technologies, the potential use of rapeseed-
and canola-derived meals at higher levels in carnivorous
fish feeds may not be feasible.

Protein and energy ADCs of flaxseed meal by cod
were low. Although there is little data for comparison
among cold-water fish species, the values are better for
protein (81%) and energy (63%) for rohu (Labeo rohita)
(Hossain et al., 1997), which is not surprising given the
warm water preference of that species. The product used
in that study was a commercial product with a higher
protein and lower fiber and carbohydrate content, while
the flaxseed meal we used was produced in our lab by
finely grinding flaxseed press-cake after oil extraction.
This product contained seed hulls which contributed
high levels of indigestible fiber to the experimental diet.
When incorporated at 30% of the diet, it likely increased
the dietary fiber (bulk) concentration to a level that
induced a laxative effect. As a result of the increased gut
transition rate, a pronounced effect on fecal output was
observed with the flaxseed diet. Increased dietary “bulk”
content caused a significantly increased fecal egestion
time in European seabass as well (Dias et al., 1998).
Undoubtedly, this was the cause of poor digestibility
of other nutrients and energy, an observation sup-
ported by Mwachireya et al. (1999) who found that
high levels of dietary fiber had an adverse effect on
nutrient digestibility.

3.8. Pulse meals

Protein ADC was high for pulse meals (90% for
both) and mid-range for energy ADC (pea protein
concentrate, 77% and white lupin meal, 75%). The
protein ADCs of the pulse meals (90%) are consistent
with those reported for rainbow trout (Morales et al.,
1999; Burel et al., 2000; Glencross et al., 2003, 2005;
Thiessen et al., 2003). The protein ADC of pea protein
concentrate is also similar to turbot (93%) but lower for
white lupin meal where a higher value (98%) has been
reported (Burel et al., 2000). The higher protein
digestibility is likely due to the fact that the lupin meal
used by Burel et al. (2000) was finely ground and then
extruded, whereas, lupin meal used here was finely
ground but not processed. Energy ADC of pea protein
concentrate was highly variable (54–87%) for rainbow

trout (Burel et al., 2000; Thiessen et al., 2003) but there
is good agreement between the value for cod (77%) and
that of turbot (78%) by Burel et al. (2000). Like pea
protein concentrate, the reported energy ADC values for
white lupin meal are highly variable (52–77%) for
rainbow trout (Morales et al., 1999; Burel et al., 2000;
Glencross et al., 2003, 2005) but the value for cod (75%)
falls within this range. The extruded lupin meal used by
Burel et al. (2000) also led to higher energy ADC by
turbot (85%) as compared to cod (75%). There appears
to be some potential for the use of pulse meals in marine
fish diets, but they should be pre-extruded to increase
the digestibility of non-protein components and, in the
case of pea protein concentrate, should be produced by
wet-milling to reduce the levels of soyasaponin 1 that
may present off-flavors in the diet. In a comprehensive
review of pea proteins, Owusu-Ansah and McCurdy
(1991) noted that the major drawback of pea protein
supplemented products was the objectionable flavor and
that further investigation was needed, especially with
the concentrates. Since feed intake was reduced in fish
receiving the pea protein concentrate diet and it is well-
known that a reduction in feed intake can elevate the
level of metabolic fecal nitrogen, overcoming the
palatability problems may reveal the protein ADC to
be even higher than reported here (90%).

3.9. Cereal grain meals

Protein ADC was high for corn gluten meal (86%)
and mid-range for energy ADC (83%). The reported
protein ADC values for salmonids (87–97%) are slightly
higher than our value (86%) for cod (Anderson et al.,
1992; Yamamoto et al., 1997, 1998; Sugiura et al., 1998;
Morales et al., 1999; Cheng and Hardy, 2003; Thiessen
et al., 2004) while it was similar to those reported for
other marine fish (79–94%) like haddock, seabream and
Atlantic halibut (Yamamoto et al., 1998; Tibbetts et al.,
2004; Peach, 2005). Although there is some variation in
the reported energy ADC values (76–91%) for rainbow
trout (Morales et al., 1999; Cheng and Hardy, 2003;
Thiessen et al., 2004), our value for cod (83%) was
within that range and similar to those recently reported
for haddock (81%) and Atlantic halibut (85%) (Tibbetts
et al., 2004; Peach, 2005). It has been reported that corn
gluten meal can effectively replace up to one-third of the
fishmeal in diets for turbot (Regost et al., 1999) and there
is good potential for its use in cod diets, provided there
are no adverse effects of xanthophils present to pigment
the flesh.

Protein ADC was high for wheat gluten meal (100%)
as was energy ADC (95%). These values are consistent
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with those reported for Atlantic salmon, coho salmon,
rainbow trout and European seabass with protein ADC of
100–101% and energyADC of 98% (Sugiura et al., 1998;
Robaina et al., 1999; Storebakken et al., 2000). The use of
wheat gluten meal in the diet for Atlantic salmon has
proven, not only to be equal to that of fish meal, but in
many cases, superior to using fish meal alone. In a
comprehensive study with Atlantic salmon, Storebakken
et al. (2000) found no differences in growth of fish fed
diets containing 17% wheat gluten meal (35% of total
dietary protein) compared to a diet containing fishmeal as
the only protein source. They showed that partial
replacement of fish meal with wheat gluten meal led to
increased protein, fat and energy ADCs as well as
availability of amino acids (except alanine and lysine).
With such high digestibility, lack of anti-nutritional
factors and no offensive taste, wheat glutenmeal, properly
supplemented with certain amino acids, shows significant
potential as a fish meal replacement in cod diets.
However, like all plant protein concentrates, economics
of feed production will need to be considered.

3.10. Test diet independency

For digestibility data of single feed ingredients to be
useful in least-cost ration formulations, it is assumed that
the protein ADC or DE content of the single feed
ingredient and the protein ADC orDE content of the basal
mix portion of the diet are independent of one another
(Cho et al., 1982). If this assumption is true, then the
calculated (or predicted) protein ADC or DE content of a
test diet and the actual measured protein ADC or DE
content of the test diet would always be the same. This
assumption has been tested and validated for other species
like rainbow trout, channel catfish, carp, tilapia, ayu,
seabass, Australian silver perch and Australian short-
finned eel (Cho et al., 1982; Wilson and Poe, 1985; Cho
andKaushik, 1990;Watanabe et al., 1996a,b; da Silva and
Oliva-Teles, 1998; Allan et al., 1999; Engin and Carter,
2002) but yet to be validated for Atlantic cod. We
compared the predicted and measured values in order to
test this assumption using a wide range of test feed
ingredients (Tables 5 and 6). For the protein ADC data,
our results clearly show that this assumption was true for
virtually all test diets, with the only exceptions being for
those diets containing test ingredients of very high

Table 5
Apparent digestibility coefficients (ADC) for protein of the test diets—
comparison of measured vs. predicted values for determination of
independency

Test diet Diet protein ADC P

Measured Predicted

Fish meal diets
Herring meal 92.0±0.2 91.8±0.2 0.55
Anchovy meal 91.6±0.2 91.5±0.2 0.79

Crustacean by-product meal diets
Whole krill meal 93.2±0.2 92.7±0.2 0.20
Crab meal 90.6±0.2 90.7±0.2 0.90
Shrimp meal 85.2±0.3 83.9±0.4 0.05

Animal by-product meal diets
Poultry by-product meal 87.8±0.7 88.4±0.6 0.51
Hydrolyzed feather meal 78.2±0.8a 82.0±0.6b 0.01

Oilseed meal diets
Soybean meal 91.5±0.4 91.5±0.4 0.99
Soy protein concentrate 94.0±0.2 93.4±0.2 0.08
Soy protein isolate 92.8±1.1 92.3±0.8 0.74
Canola meal 87.3±0.4 86.6±0.5 0.32
Canola protein concentrate 89.9±0.5 90.1±0.4 0.77
Flaxseed meal (period 1) 79.7±1.7a 75.1±2.4b 0.03
Flaxseed meal (period 2) 83.5±0.2a 80.4±0.3b 0.02

Pulse meal diets
Pea protein concentrate 90.3±0.6 90.3±0.6 1.00
White lupin meal 90.8±1.0 90.8±1.1 0.96

Cereal grain meal diets
Corn gluten meal 89.5±0.4 89.8±0.3 0.62
Wheat gluten meal 94.8±0.1a 93.8±0.1b 0.00

Values are mean±SE (n=4 except for flaxseed meal where n=2);
values within same row having different superscript letters are
significantly different (Pb0.05).

Table 6
Digestible energy (DE) content of the test diets — comparison of
measured vs. predicted values for determination of independency

Test diet Diet DE P

Measured Predicted

Fish meals
Herring meal 19.0±0.0 19.0±0.0 0.34
Anchovy meal 18.1±0.1 18.2±0.0 0.79

Crustacean by-product meals
Whole krill meal 18.6±0.1 18.5±0.0 0.28
Crab meal 17.2±0.0 17.1±0.0 0.38
Shrimp meal 14.5±0.2 14.4±0.2 0.88

Animal by-product meals
Poultry by-product meal 17.8±0.2 17.7±0.1 0.63
Hydrolyzed feather meal 16.8±0.1 17.0±0.0 0.21

Oilseed meals
Soybean meal 17.8±0.1 18.0±0.0 0.20
Soy protein concentrate 18.6±0.0 18.7±0.0 0.63
Soy protein isolate 19.2±0.2 19.1±0.1 0.80
Canola meal 16.3±0.1 16.3±0.1 0.89
Canola protein concentrate 17.7±0.1 17.9±0.0 0.13
Flaxseed meal (period 1) 14.2±0.0 14.1±0.0 0.74
Flaxseed meal (period 2) 15.2±0.0 15.2±0.0 0.21

Pulse meals
Pea protein concentrate 17.3±0.1 17.4±0.0 0.34
White lupin meal 17.3±0.1 17.4±0.1 0.42

Cereal grain meals
Corn gluten meal 18.6±0.1 18.6±0.0 0.74
Wheat gluten meal 19.9±0.1 19.8±0.1 0.33

Values are mean±SE (n=4 except for flaxseed meal where n=2).
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(N99%, wheat gluten) or very low (b67%, hydrolyzed
feather and flaxseed) protein ADCs. In terms of DE, the
assumption was true for all test diets without exception.
The correlation between measured and predicted values
was very high (Pearson correlations of 0.95 for protein
ADC and 0.99 for DE). It would appear that for the rare
feed ingredient where independency does not hold true,
the poor digestibility of that particular ingredient would
warrant its exclusion from diet formulation.

4. Conclusions

This study has identified several highly digestible
(N92% protein ADC and N85% energy ADC) feed ingre-
dients for Atlantic cod on-growing diets, including fish
meals, soy-based products, whole krill and wheat gluten
meal. Other ingredients with some potential include pulse
meals, crab meal, corn gluten meal and canola protein
concentrate (85–90% protein ADC and 75–85% energy
ADC). Due to high levels of poorly digestible components
(ash, fiber, carbohydrate and keratin), poultry and feather
by-products, canola, shrimp and flaxseed meals have
limited value as feed ingredients for Atlantic cod diets.
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