UNIVERSITY of
TASMANIA

University of Tasmania Open Access Repository

Cover sheet
Title
Fish meal replacement by plant meals in extruded feeds for Atlantic salmon, Salmo salar L

Author
Christopher Carter, Hauler, R

Bibliographic citation

Carter, Christopher; Hauler, R (2000). Fish meal replacement by plant meals in extruded feeds for Atlantic
salmon, Salmo salar L. University Of Tasmania. Journal contribution.
https://figshare.utas.edu.au/articles/journal_contribution/Fish_meal_replacement_by plant_meals_in_extruded _

Is published in: 10.1016/S0044-8486(99)00353-1
Copyright information
This version of work is made accessible in the repository with the permission of the copyright holder/s under

the following,

Licence.

If you believe that this work infringes copyright, please email details to: oa.repository@utas.edu.au

Downloaded from University of Tasmania Open Access Repository

Please do not remove this coversheet as it contains citation and copyright information.

University of Tasmania Open Access Repository

Library and Cultural Collections

University of Tasmania

Private Bag 3

Hobart, TAS 7005 Australia

E oa.repository@utas.edu.au CRICOS Provider Code 00586B | ABN 30 764 374 782 utas.edu.au


http://doi.org/10.1016/S0044-8486(99)00353-1
http://rightsstatements.org/vocab/InC/1.0/
mailto:oa.repository@utas.edu.au
https://figshare.utas.edu.au
https://utas.edu.au

Aquaculture

ELSEVIER Aquaculture 185 (2000) 299-311
www.elsevier.nl /locate/agua-online

Fish meal replacement by plant meals in extruded
feeds for Atlantic salmon, Salmo salar L.

C.G. Carter *, R.C. Hauler

School of Aquaculture, University of Tasmania, Launceston, P.O. Box 1214, Tasmania 7250, Australia
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Abstract

The replacement of fish meal protein with soybean meal (SB) or protein concentrates made
from narrow-leafed lupin (LP) or field peas (PP) was investigated in extruded feeds for Atlantic
salmon. Salmon (47 g) were fed for 63 days on extruded feeds containing each of the plant meals
to replace 25% and 33% of the fish meal protein and performance compared against a nutritionally
balanced control and a commercial salmon feed formulation (extruded under the same conditions).
There were no significant differences in weight gain between the control and feeds containing the
plant proteins. The commercial feed produced significantly higher weight gain than the control
feed and LP at both replacement levels. Feed consumption was significantly higher for LP at 33%,
but there were no other significant differences between the other feeds. Feed efficiency ratio
(FER) and productive protein vaue (PPV) were highest for PP and SB and not affected by
inclusion level, whereas they were significantly lower for LP at 33% inclusion. The weight gain
and feed efficiency ratio data showed that soybean meal and pea protein concentrate had the best
potential for replacing at least 33% of the fish meal protein in extruded salmon feeds and that
lupin protein concentrate was less well utilised at the higher inclusion level. These results support
the use of processed plant meals as important replacement protein sources for fish meal in
extruded feeds for Atlantic salmon. © 2000 Elsevier Science B.V. All rights reserved.

Keywords: Aquaculture feeds;, Alternative protein sources; Atlantic saimon; Extruded feeds;, Fish meal
replacement

1. Introduction

As intensive aguaculture continues to expand, so does the requirement for high-qual-
ity protein sources (Barlow, 1989; Hardy, 1996). Fish meal is a mgjor and increasingly
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expensive component of commercial salmon and trout feeds, and numerous studies have
investigated the potential of alternative protein sources. The magjority of published
research on the use of plant proteins in salmonid feeds has focused on the inclusion of
soybean meals in feeds for rainbow trout (Hardy, 1982; Tacon et al., 1983; Murai et .,
1989; Pongmaneerat and Watanabe, 1993b; Watanabe and Pongmaneerat, 1993; Watan-
abeet a., 1993; Oliva-Teles et al., 1994; Kaushik et a., 1995; Olli and Krogdahl, 1995)
and, to a lesser extent, for salmon species (Hardy, 1982, 1995, 1996; Arnesen et al.,
1989; Carter et a., 1994; Olli et al., 1994ab, 1995; Refstie et al., 1998). Soybean
(dehulled and solvent-extracted) meal has a relatively high protein content and also a
good balance of essential amino acids and is now widely used to replace some fish meal
in salmonid feeds. Less attention has been paid to other plant proteins and although they
offer considerable potential they are also associated with negative qualities such as low
protein content, less than ideal amino acid balance and the presence of anti-nutritional
factors. Their use in high-protein/high-energy extruded salmon feeds is likely to be
limited to processed ingredients with a high protein and lower carbohydrate content.

Field pea and narrow-leafed lupin have been shown to have potentia for inclusion in
Atlantic salmon feeds (Carter, 1998). These experiments used pellets produced by cold
pressing in an experimental pellet mill. Since the method of pelletisation has a major
influence on the nutritional characteristics of feeds it is important to ensure that
ingredients identified as having potential in aguaculture feeds are incorporated into
experimental diets that reflect current commercial processing (Bangoula et al., 1993;
Gouveiaet a., 1993; Pongmaneerat and Watanabe, 1993a; Watanabe and Pongmaneerat,
1993; Oliva-Teles et al., 1994; Olli and Krogdahl, 1995). The aim of the current
experiment was to assess the potential of plant protein sources in extruded salmon feeds
and with particular emphasis on the use of protein concentrates made from ingredients
with low protein contents using air fractionation. Field pea and narrow-leafed lupin
cultivars were selected as the best candidates for the production of protein concentrates.
These were compared with a dehulled and solvent-extracted soybean meal, as this is
most often used as a plant alternative to fish meal in Atlantic salmon feeds. The plant
ingredients were included at two levels to replace 25% and 33% of the protein supplied
by fish meal in order to provide an indication of their potential in commercial Atlantic
salmon feeds. The pea protein concentrate had the lowest protein content and this
determined the maximum replacement of fish meal that maintained the overal feed
specifications. All feeds (including a commercial formulation) were made using an
experimental extruder configured to match the commercial extruder used to make the
majority of Atlantic salmon feeds used in the region.

2. Materials and methods
2.1. Experimental diets
Goodman Fielder (Summer Hill, NSW, Australia) dehulled, milled and used air

separation to produce a narrow leafed lupin (Lupinus angustifolius: Gungurra cultivar)
protein concentrate (LP) and a pea ( Pisium sativum: Dunndale cultivar) protein concen-
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trate (PP) (Evans, 1998). Feed grade dehulled and solvent-extracted soybean (Glycine
max) mea (SB) was supplied by Millmaster Feeds (Enfield, NSW, Australia); pL-
methionine and «-cellulose by Sigma and bentonite by Commercial Minerals (Granville,
NSW, Australia). The remaining ingredients were supplied by Gibson's (Cambridge,
Tasmania, Australia) and were those used in commercial salmon feeds. Feeds were
formulated to contain either a 25% or 33% replacement of fish meal protein from each
of the plant meals (Table 1). The diets were formulated, principally, to be isonitrogenous
and isoenergetic but consideration was given to the equivalence of other components in
the following order of priority: crude fat, NFE and ash. pL-methionine was added to
ensure that it was in excess of reguirements for saimonidsin all diets (NRC, 1993). The
control feed contained fish meal as the main protein source with a small amount of
protein supplied by wheat flour (12% crude protein) that was added for its binding
properties during extrusion. The commercial formulation contained a mix of marine and
terrestrial animal and plant meals as the protein sources (chemical composition (g kg™
as is): 925 DM; 430 CP; 262 crude fat; 94 ash; 23 MJ GE kg™ 1). The feeds were
manufactured using a twin screw extruder model APV MFP40 (APV-Baker, Peterbor-
ough, England) and spray coating of oil followed partial drying (Evans, 1998). Feeds

Table 1
Ingredient and chemical composition of experimental feeds

Diet
CON SB25 SB33 LP25 LP33 PP25 PP33

Ingredient composition (g kg ~ %)

Fish meal 601.5 451.1 400.0 451.1 400.0 451.1 400.0
Soybean meal 0 203.7 2729 0 0 0 0
Lupin protein concentrate 0 0 0 217.9 291.9 0 0
Pea protein concentrate 0 0 0 0 0 205.8 275.7
pL-methionine 0 3.0 5.0 4.0 6.0 5.0 6.0
Fish oil 154.6 160.0 159.2 157.6 156.4 166.9 168.9
Wheat flour 115.0 115.0 115.0 115.0 115.0 115.0 115.0
Wheat starch 232 232 232 232 232 232 232
a-Celulose 50.0 36.5 17.2 23.7 0 2.7 26.7
Bentonite 48.2 0 0 0 0 0 0
Vitamin and mineral premix? 75 75 75 75 75 75 75
Chemical composition (g kg ~* DM)

Dry matter (g kg™ 1) 941 948 943 925 910 927 933
Nitrogen 67 66 66 68 68 66 65
Crude fat 263 258 268 272 260 260 258
NFEP 215 276 266 250 272 284 302
Ash 130 80 80 80 70 70 60
Gross energy (MJkg~! DM) 21.86 22.66 22.94 22.81 22.65 22.76 22.90
Digestible crude protein 363 368 370 380 381 368 363

Digestible energy (MJkg~! DM) 19.21 20.16 20.58 20.82 20.79 20.22 20.42

“Added to supply in excess of vitamin and mineral requirements for salmonids (NRC, 1993).
PCalculated as the remainder of crude protein+ crude fat+ash and assuming crude protein = 5.85x N
(Gnaiger and Bitterlich, 1984).
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were then dried, bagged and shipped overnight to Tasmania where they were stored at
—20°C.

2.2. Growth experiment

The experiment was conducted at the School of Aquaculture, University of Tasmania.
Atlantic salmon (Salmo salar L.) parr were obtained from Wayatinah Salmon Hatchery
(SALTAS, Tasmania, Australia) and stocked into 300-1 tanks at 21 fish per tank. These
fish were acclimated for 2 weeks. The tanks were held in a constant environment room
(temperature, 15.7 + 0.8°C; photoperiod, 12:12). The fish were held in a partial freshwa
ter recirculation system. Water was treated through physica and biofilters with a
continuous replacement of approximately 20% day . Water quality parameters (DO,
pH, ammonia, nitrate and nitrite) were monitored to ensure water quality remained well
within limits recommended for Atlantic saimon (Wedemeyer, 1996).

At the start of the experiment, fish were anaesthetised (50 mg |, Benzocaine) and
weight was measured. One fish from each tank was killed and 12 used for an assessment
of initial chemical composition (see below). The remaining 20 fish were returned to the
tanks and distributed to ensure there were no significant differences between group
mean weight (46.6 + 0.6 g). The fish were divided into 24 groups so that triplicate
groups could be fed one of eight feeds. The fish were reweighed every 21 days and
ration adjusted accordingly. A ration of 1.25 mg g~ initial body weight was supplied
twice a day in the morning and afternoon and dispensed over 1 h by automatic belt
feeders. The fish were fed in this way each day. One day each week total feed
consumption (kg DM) was estimated from the amount of feed that was not eaten and
was collected from the settlement collectors. The extruded pellets remained intact prior
to collection and uneaten feed was estimated from the number of pellets using the
average weight of a pellet for each feed (Helland et al., 1996). For each tank a linear
regression of daily feed consumption (g), measured once each week on 8 days over the
course of the experiment, againgt time (day) was determined. All regressions were
significant, the lowest R? was 0.74 (P < 0.01) and 23 /24 were above 0.76 (P < 0.001).
Feed consumption was calculated as the area under the regression. The experiment
continued for 63 days when the fish had more than doubled in weight. Specific growth
rate (SGR) was calculated as

SGR (%day ) = 100 X (In(W,/W,)) X d~*

where W, and W, are the weights (g) at two times and d the number of days.

At the end of the experiment, the fish were not fed for a day and all individual fish
weights were then measured and tank means calculated. Three fish were removed from
each tank to determine chemical composition. Fish were killed by transection of the
spinal cord after immersion in anaesthetic.

2.3. Apparent digestibility

Apparent digestibility coefficients (ADC) were measured at the end of the experiment
using two tanks from each of the treatments in the growth trial. Faecal samples were
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collected by settlement (Cho et al., 1982) in settlement collectors attached to the tanks
described above. Groups of salmon were fed the experimental feeds containing chromic
oxide (10 g kg™?1) for 6 days. On days 5 and 6, faecal samples from two tanks were
collected from the settlement collector between 1700 to 0900 h, freeze-dried and used in
the analysis of the marker, chromic oxide, and nutrients (see below). The ADC were
calculated using the standard formula

ADC (%) = 100 — [100(% gt/ %l sece6) X (% Niguecs/ % N
(Maynard and Loosli, 1969) where | is the inert marker and N the nutrient.

2.4. Chemical analysis

Standard methods were used to determine dry matter (freeze dry to constant weight);
nitrogen (Kjeldahl using a selenium catalyst); crude fat (Bligh and Dyer, 1959); energy
(bomb calorimeter: Gallenkamp Autobomb, calibrated with benzoic acid) ash (AOAC,
1995) and chromium (Furukawa and Tsukahara, 1966).

2.5. Satistical analysis

Mean values are reported + standard error of the mean (S.E.M.). Percentage data
were arcsin-transformed prior to analysis. Normality and homogeneity of variance were
confirmed (IMP Version 3.2.1) and comparison between means was by one-way
ANOVA. Multiple comparison was by Tukey—Kramer HSD. Significance was accepted
at probabilities of 0.05 or less.

3. Reaults

Survival was higher than 96% for all treatments. There were few significant
differences in the final weight and weight gain among fish fed the different feeds (Table
2). Mean final weight ranged from 113 to 127 g for fish fed the fish meal control (CON)
and commercial (COM) reference feeds, respectively, and these means were signifi-
cantly different. Similarly, weight gain ranged from 66 to 81 g for fish fed the same two
feeds. Final weight and weight gain for fish fed the SB and PP diets were not
significantly different from those fed either COM or CON, but both LP feeds produced
significantly lower weight gain than COM.

Weight gain showed an exponential increase that continued over the period of the
experiment and, consequently, SGRs were examined for each three-week time period
over which growth was measured. Repeated-measures ANOVA showed there was no
interaction effect between time period and diet on SGR. Differences between feeds
became less distinct as the experiment progressed. During the first period SGR was
significantly (P < 0.05) higher in the groups fed COM (1.79 + 0.07% day ~*) than those
fed CON (1.50 + 0.05% day*). There were no significant differences over the second
(P> 0.15) and third (P> 0.60) time periods and the overall SGR (+RMSE) were
1.40 + 0.15 and 1.41 + 0.14% day %, respectively. The differences in final weight and
weight gain (Table 2) were therefore explained by differences in the pattern of growth



Table 2

The performance of Atlantic salmon fed diets containing different protein sources

Each value is the mean (+ S.E.M.) of three replicates.

Means with same letter are not significantly different (Tukey—Kramer HSD multiple comparison).
FC: feed consumption = total feed consumption (g DM) /% individual mid-weight (g) /63 days.
FER: feed efficiency ratio = (total weight gain (g) /total feed consumption (g DM)).

PPV: productive protein value =100 X (fish protein gain (g CP) /tota protein consumption (g CP)).

Parameter Unit Diet P
COoM CON SB25 SB33 LP25 LP33 PP25 PP33
Initial weight (<)) 46.5 46.7 46.4 46.8 46.3 46.4 46.8 46.6 ns
0.7 0.2 0.4 0.7 0.8 05 0.7 0.4
Final weight @ 127.32 113.1° 120.7®  116.9% 114.0° 113.9° 123.4% 118.4%® <0.05
2.0 17 0.7 46 5.2 0.4 2.2 1.9
Weight gain @ 80.82 66.4° 74.3% 70.0® 67.7° 67.6° 76.6% 71.8% <0.02
2.4 15 03 42 45 0.9 15 22
Total feed consumption (kg DM) 1.458° 1.411° 1.403° 1.425° 1.370° 1.6972 1.467° 1.396° <0.01
0.036 0.064 0.020 0.040 0.066 0.039 0.043 0.028
FC (mgDM g ' day™1)  13.31° 14.59°  13.56° 13.82° 13.79° 17.102 14.15° 13.65° < 0.001
0.20 0.32 0.24 0.29 0.11 0.60 0.04 0.10
FER gg™ 1.11%°¢ 0.91% 1.04%¢ 0.9gPcde 0.97Pcde 0.78f 1.013bcde 1.01%c% < 0,001
0.02 0.01 0.02 0.04 0.02 0.03 0.01 0.03
PPV (%) 4171 3801  41.54%  41.22% 38.88% 30.23° 40.88% 45,102 < 0.001
0.46 131 2.88 1.04 151 1.03 0.28 0.88
Overall survival (%) 100 96.7 98.3 100 98.3 98.3 96.7 98.3 ns
1.67 1.67 1.67 1.67 1.67 1.67

0€

TTE-66¢ (0002) S8T @.nindenby / BINeH "0y ‘B1ed ‘9D



C.G. Carter, R.C. Hauler / Aquaculture 185 (2000) 299-311 305

over the first 21 days of the experiment and the relative performance did not change
after this.

Feed remained in excess and the rates of feed consumption remained below the
maximum ration calculated as 25 mg g ! initial body weight day~! over each
three-week period between weighing the fish (Table 2). Feed consumption, expressed as
either total feed or a mean daily weight specific rate (FC), differed little among
treatments with only salmon fed LP33 having significantly higher feed consumption
(Table 2). The similarity in consumption was also reflected in the daily rates of nutrient
uptake when expressed in terms of digestible energy or digestible protein. Daily
consumption of digestible energy (kJ DE g~ day~*) was significantly higher for LP33
than for the other diets. Similarly, the consumption of digestible crude protein was
higher on LP33 due to the increased DM consumption. There were no differences
between CON and the other experimental diets. However, the higher crude protein
content of COM resulted in a higher daily consumption of crude protein.

The differences in feed consumption and growth resulted in there being significant
differences in feed efficiency ratio (FER) and productive protein value (PPV) (Table 2).
The highest FER was for COM, and the other treatments were ranked SB25, PP25 and
PP33, SB33, LP25, CON and LP33 (Table 2). FER for LP33 was significantly lower
than for all other diets. PPV was highest for PP33 followed by COM, SB25, SB33,
PP25, LP25, CON and LP33. The increased inclusion of SB or PP from 25% to 33%
had no significant effect on FER or PPV but there were significant reductions when LP
was included at 33%. There was little variation in chemical composition of fish among
treatments and mean values were 17—18% for crude protein, 11-12% for total lipid and
2% for ash (Table 3). Since the feed had no effect on chemical composition of fish or
feed consumption, there was a significant correlation between FER and PPV (n=§;
r =0.86; P < 0.001).

Feed significantly influenced apparent digestibility of dry matter, crude protein
(nitrogen) and energy (Table 4). Crude protein digestibility was significantly lower for
COM and CON, but there were no significant differences among the plant ingredients

Table 3

Proximate composition (% wet weight) of Atlantic slmon

Each value is the mean (+ S.E.M.) of three replicates (three fish per replicate).

Initial group (means+sd; n=11): 28.7+0.9% DM; 16.8+0.5% crude protein; 10.17 + 1.07% total lipid;
2.694 0.28% ash.

Parameter Diet P
COM CON SB25 SB33 LP25 LP33 PP25 PP33
Dry matter 30.6 30.8 29.9 30.6 304 304 30.7 31.6 ns
0.6 0.8 11 0.2 0.7 0.2 0.1 0.6
Crude protein 18.0 17.9 17.2 17.7 17.8 17.6 175 184 ns
0.3 0.2 0.7 0.2 0.2 0.2 0.1 0.4
Total lipid 11.38 11.57 11.41 11.33 11.45 11.41 11.79 12.15 ns
0.56 0.56 0.54 0.25 0.54 0.23 0.06 0.32
Ash 1.96 213 1.99 2.03 1.93 2.03 2.07 2.01 ns

0.05 0.04 0.14 0.03 0.06 0.09 0.06 0.10
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Table 4

Apparent digestibility coefficients (%) for dry matter (DM), crude protein (N) and energy (kJ) for diets used
and collected using settlement system

Each value is the mean (+ S.E.M.) of four replicates.

Means with the same letter are not significantly different (Tukey—Kramer HSD multiple comparison).

Parameter Diet P
COoM CON  SB25 SB33 LP25  LP33 PP25  PP33
ADCp, 8275 7652° 8215 8305  84.36® 855 81.52% 8251 <0.001

0.30 071 043 0.09 0.17 055 025 0.33

ADC, 9362° 9271° 9531  9586%  9565% 9590° 95228 9548%  <0.001
0.16 038 023 0.17 0.03 014 009 0.29

ADC,; 90.52%° 87.86% 88.98°¢ 89.73%c 9126% 9178 88.84° 89.19°¢ <0.01
0.34 019 065 0.01 0.20 059 020 0.69

and no effect of inclusion level. There were more differences in both dry matter and
energy digestibility between the treatments due to the variation in the non-protein energy
components of the different ingredients (Table 4).

4, Discussion

The present study demonstrated the potential of three plant meals for inclusion in
commercia extruded Atlantic salmon feeds. As well as being of immediate importance
for feed production in Australia, there is little information in the scientific literature
concerning the use of plant proteins in Atlantic salmon feeds, particularly feeds
produced under commercial conditions. Since global production of Atlantic salmon isin
excess of 460000 tons annually (FAO, 1997) there is considerable benefit related to the
replacement of part of the fish meal currently used in feeds.

A significant amount of research has been conducted on the replacement of fish meal
with soybean meals as protein sources in feeds for rainbow trout (Hardy, 1982; Murai et
al., 1989; Pongmaneerat and Watanabe, 1993b; Watanabe et a., 1993; Oliva-Teleset al.,
1994; Kaushik et al., 1995; Olli and Krogdahl, 1995). More recently, there has been a
focus on Atlantic salmon (Carter et al., 1994; Olli et al., 1994b, 1995; Storebakken et
al., 1998). The inclusion of four different soybean products at five different inclusion
levels (0% to 56% of protein) was investigated in Atlantic salmon (300 g) held in sea
cages (Olli et al., 1994b). A soybean concentrate gave the best results and could be
added to replace 56% of the dietary protein, mainly supplied from LT fish meal, without
any effect on weight gain. Dehulled and solvent-extracted, solvent-extracted only, and
full-fat soybean meas gave similar weight gain at 14% protein replacement but the
results suggested that only the full-fat and concentrate could maintain weight gain at
28% protein replacement (Olli et al., 1994b). Atlantic salmon (90 g) growth and growth
efficiency decreased when a dehulled and solvent-extracted soybean meal replaced 36%
of the fish meal protein (Carter et a., 1994). Similar results were obtained for larger
Atlantic salmon (900 g) using dehulled solvent-extracted soybean meal (Olli et al.,
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1995). A 20% protein replacement resulted in similar growth to the control but at 40%
protein replacement growth was approximately 20% lower (Olli et al., 1995). In the
present study, protein replacement at 25% and 33% had no effect on growth or growth
efficiency compared to a control diet or commercial formulation. The salmon grew at
rates of about 1.5% day ~* with feed utilisation efficiencies (FER of about 1 and PPV of
above 40%) that were comparable with other broadly similar studies (Carter et al., 1993,
1994; Olli et ., 1994a; Refstie et al., 1998).

In contrast to soybean meal, there is less information available on the use of other
legumes in feeds for salmonids. Legumes such as peas (Gomes et al., 1993; Gouveia et
al., 1993; Pfeffer et a., 1995), lupin (De la Higuera et a., 1988; Hughes, 1988, 1991;
Moyano et a., 1992; Bangoula et al., 1993; Gouveia et al., 1993), faba beans (Gouveia
et al., 1993; Pfeffer et al., 1995), rapeseed and canola (Teskeredzic et al., 1995; Stickney
et a., 1996) and others (Alexis, 1990; Alexis et al., 1985; Moyano et al., 1992
Watanabe et a., 1993; Morales et a., 1994; Sanz et a., 1994) have been used in trout
feeds. The inclusion of a co-extruded plant protein made from rapeseed and field peas
(Colzapro) had no effect at up to 15% replacement of the protein but at 45% inclusion
growth performance of rainbow trout was significantly lower than the control diet
(Gomeseet al., 1993). The low digestible energy from both raw and autoclaved field peas
was predicted to limit their use in rainbow trout feeds (Pfeffer et al., 1995). However,
digestibility measurements were made for an unspecified number of days following 4
days adaptation and this period may not have been long enough for complete adaptation
of the digestive enzymes (Gouveia and Davies, 1998). Comparison of the crude protein
digestibility of the extruded pea protein concentrate, used in the present study in Atlantic
salmon, after 2 and 4 weeks of feeding, showed an increase from 90% to 97% (Carter et
al., 1999).

In the present study, dietary crude protein digestibility values were above 90% and
comparison with complete diets supported the observation that pea protein is well
digested by salmonids especially following extrusion (Gomes et a., 1993; Gouveia et
al., 1993). Crude protein digestibility values of the individual ingredients used in PP33
(Carter et al., 1999) were used to calculate a value for the complete feed. This gave a
similar digestibility value to the measured value and confirmed the validity of the
measurements. Energy digestibility of legumes is considerably lower than for protein
due to their high carbohydrate content. However, extrusion and the use of pea and lupin
protein concentrates in the present study explains the higher energy digestibility found in
the present study compared to previous studies (Hughes, 1988; Gouveia et al., 1993;
Carter, 1998; Gouveia and Davies, 1998). There was no correlation between crude
protein digestibility and either energy digestibility or dietary a-cellulose content (added
as a non-nutrient bulking agent). This suggested that the addition of a non-digestible
carbohydrate did not influence protein digestibility.

Few studies on Atlantic salmon have investigated the use of plant protein sources
other than soybean meal. Previous experiments using cold-pressed pellets for Atlantic
salmon suggested that 40% fish meal protein replacement with pea or lupin protein
concentrates was feasible (Carter, 1998). The present research confirmed that at least
33% fish meal protein replacement with pea protein concentrate was possible. The
situation was less clear using lupin, partly due to the higher feed intake and lower feed
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efficiency ratio at the higher lupin inclusion. Except for LP33 (and the commercial feed
that had a higher protein content) the daily intakes of digestible crude protein and energy
were not different among the diets. Since feed intake was below the set ration, it is of
interest that salmon fed LP33 were satiated at higher energy and protein intakes than the
other feeds. This suggests feed intake was influenced by factors other than macro-nutri-
ent intake. Analysis of the essential amino acid intake showed that only phenylalanine
was present in the protein component at less than the requirement for trout (NRC, 1993)
but its content was similar for LP (80—-82% requirement) and PP (82—83% requirement).

A major problem in the use of plant meals is their relatively low protein content
which prevents them being used commercially as ingredients in current salmon feeds
that are typically formulated to contain relatively high protein and oil contents. The
protein concentrates used in the present study were produced by ar separation and
resulted in lupin and pea concentrates with 46% and 49% crude protein, respectively.
This represented an increase of between 44% and 133% over the protein in the raw lupin
and peas, respectively (Petterson et al., 1997). Protein at this level is comparable to
soybean meals but still far lower than fish meals. Plant meals also contain significant
amounts of carbohydrates that may have detrimental effects on Atlantic salmon perfor-
mance (Waagbg et al., 1994; Hemre et al., 1995a,b). The use of extrusion is important in
increasing the nutrient availability of plant meals especialy in relation to increasing the
amount of digestible energy available through greater gelatinisation of starch (Watanabe
and Pongmaneerat, 1993). However, an increase in digestible energy from carbohydrates
does not necessarily result in an increase in growth performance (Pongmaneerat and
Watanabe, 1993a) and will depend on the ability of Atlantic salmon to use dietary
carbohydrates (Hemre et al., 1995a; Grisdale-Helland and Helland, 1997). The digestible
energy content of the experimental diets used in the present study was similar as was
growth and growth performance on most of the experimental feeds. It is possible that the
higher levels of non-starch polysaccharides from lupin may partly explain differences
found with this ingredient. Plant meals also contain various anti-nutritional factors of
which trypsin inhibitors are of particular concern (Hendriks et al., 1990; Van den Ingh et
al., 1991; Qlli et a., 1994a). However, extrusion reduces the efficacy of the majority of
these (Pongmaneerat and Watanabe, 1993a; Rumsey et al., 1993).

Extruded salmon feeds that contained up to 27% pea protein concentrate or 22%
lupin protein concentrate had no significant effect on the growth performance of Atlantic
salmon parr when compared to fish meal and solvent-extracted soybean meal, ingredi-
ents more often used in salmon feeds. Further improvements in the use of these plant
meals are likely to involve their combination with other protein sources rather than as
single meals (Watanabe and Pongmaneerat, 1993).
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