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ABSTRACT: Aquacultural production is increasing in most
parts of the world, establishing new and rapidly growing mar-
kets for various oil products. One of the more interesting nutri-
tional requirements for aquatic animals is lecithin or phos-
phatidylcholine. In this paper, lecithin in aquaculture is re-
viewed with emphasis on freshwater fish and crayfish. Further,
new data on use of lecithin and two soy protein concentrates in
diets fed to coho and Atlantic salmon are presented. Juvenile
coho and Atlantic salmon were fed either solvent-extracted soy-
bean meal (SBM) or Promocalf® at 30% of the diet, Promoveal®

at 10, 20 or 30% of the diet, or one of three new lecithin prod-
ucts at a constant level of 3% of the diet. Juvenile coho salmon
fed SBM, Promocalf®, or Promoveal® at 30% of the diet exhib-
ited depressed weight gain and an elevated feed conversion
ratio (FCR) compared to fish fed a positive control diet. Fish fed
10 or 20% Promoveal® had similar weight gain and FCR com-
pared to fish fed the control diet. Coho salmon fed either of the
three lecithin products (Aqualipid®, Blendmax®, or Centrol®)
had similar weight gains and FCR values compared to fish fed
the control diet. Whole-body proximate components were not
as responsive to dietary treatments as weight gain and FCR data.
Juvenile Atlantic salmon exhibited depressed weight gain only
when fed 30% Promocalf® and all three lecithin products. Fur-
ther, whole-body crude protein concentrations in fish fed the
three lecithin products were depressed.
JAOCS 74, 187–193 (1997).
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Aquacultural production is increasing at rapid rates
throughout the world (1). This increase is in response to
loss of traditional supplies of fish from the oceans that oc-
curred in the latter half of this century. Even if wild popu-
lations of fish returned to pre-1950 levels, harvest would
be unlikely to keep pace with increasing population and
demand for fish. The increase in fish production places
demands on the available feed stocks around the world

and has resulted in a new active area of research. The ini-
tial focus of that research has been on sources of protein
in diets fed to fish. The use of readily available commodi-
ties, particularly soy products, is a logical initial step
(2–11).

Soybean production and processing are two of the
largest agricultural pursuits in the world, and products
from those industries serve as potential feedstuffs for the
rapidly developing aquacultural industries. Fish require
relatively high levels of crude protein in their diets as well
as several atypical nutrients. Processed soy products and
products from processing offer the potential of supplying
both crude protein and several of the atypical nutrients.

Soy protein concentrates (SPC) are some of the new
products from soy processing that could find an immedi-
ate use in diets fed to fish. A generalized proximate com-
position of SPC is >65% crude protein, <0.5% fat, <5%
fiber, 23–25% nitrogen-free extract (NFE), and 7–8% ash.
Fish grow maximally when fed diets that contain 25–45%
crude protein, 6–25% fat, less than 7% crude fiber, and
20–30% NFE (12). Thus, SPC have potential as ingredi-
ents in diets fed to fish. The essential amino acid compo-
sition is also favorable for most species of fish. However,
soy products contain antinutritional factors known to limit
use of certain types of soy products in diets. Further pro-
cessing of raw soybeans and soybean meal to SPC may re-
move some of these compounds and facilitate use of soy
products.

Fish and aquatic crustaceans require several nutrients
in their diets that are not typically thought of as essential
nutrients in terrestrial animals. One of these is lecithin, or
phosphatidylcholine (PC) (13–18). Lecithin is the primary
phospholipid in most cell membranes and facilitates entry
of compounds into cells. Phospholipids are both hy-
drophilic and lipophilic and are considered the primary
compounds that impart viscosity to cell membranes. Fish
and crustaceans are apparently the only animal groups that
require PC in the diet; terrestrial vertebrates can synthe-
size sufficient quantities of PC, given sources of choline,
methyl donors, and lipid substrates to form phos-
phatidylethanolamine.

Lecithin is a phospholipid with a three-carbon back-
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The long-term viability of a metapopulation depends partly on
the gene flow among sub-populations. Management
approaches such as translocations and supportive breeding
between closely related populations may affect gene flow and
overall structure, and therefore viability. Here, we examined
temporal changes in the fine-scale population structure of coho
salmon (Oncorhynchus kisutch) by comparing archived (1938)
and modern (2001–2005) populations in six rivers within a
single conservation unit (Puget Sound, Washington) sampled
before and after an extended period of between-river transfers
and releases of millions of cultured salmon. Genotype
frequencies at eight microsatellite loci showed that current
populations descended from historical Puget Sound popula-
tions, but populations in different rivers that exchanged fish for
hatchery propagation share more of their ancestry recently
than they did historically. Historically, populations in different

rivers were isolated by geographic distance, but that relation-
ship is no longer significant. Allelic richness among all
populations declined significantly, suggesting that genetic drift
has increased because of a population bottleneck. Populations
in different rivers and within the same river have become more
diverged, providing further evidence for a widespread bottle-
neck. Previously, we observed that genetic distance signifi-
cantly decreased with the number of fish exchanged; however,
some populations apparently resisted introgression. Altered
gene flow and lost diversity may affect the complexity, and
therefore resiliency of sub-populations within a conservation
unit. Plans for artificial culture need to maintain existing genetic
diversity and avoid disrupting the fine-scale structure by using
local populations for parents whenever possible.
Heredity (2009) 103, 299–309; doi:10.1038/hdy.2009.69;
published online 15 July 2009
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Introduction

Population structure has important consequences for the
evolution of a species and for implications for conserva-
tion, because drift, selection, migration and mutation
act to differentiate allelic diversity among semi-isolated
populations (Whitlock, 2004). Phenotypic diversity can
evolve over short genetic and geographic distances
(McKay and Latta, 2002), and semi-isolated populations
can diversify and become locally adapted (Taylor, 1991).
Furthermore, the accumulation of deleterious mutations
is dependent on the global effective population size, as
well as on the levels of gene flow between populations
(Waples, 2002; Whitlock, 2004). Semi-isolated popula-
tions represent the range of diversity within a species or
conservation unit over a variety of environmental
conditions, and afford resilience to perturbations (Allendorf
and Luikart, 2007). To be most effective, conservation
actions should consider the existing population structure

and the processes that lead to structuring among
populations.

The recovery of a species may require human interven-
tion, but care is needed to maintain population structure.
Activities such as supportive breeding and translocations
are often used to increase population abundance, provide
surplus fish for harvest and expand a species’ range.
However, these activities present risks after the escape or
release of domesticated or nonindigenous fish (Ellstrand
et al., 1999; Barilani et al., 2005; Halbert et al., 2005; Naish
et al., 2007) that may culminate in introgression or a partial
or complete displacement of native populations (Hansen,
2002; Haygood et al., 2003; Vasemagi et al., 2005). Ongoing
supportive breeding could result in a loss of genetic
diversity and reductions in effective population size
(Ryman and Laikre, 1991; Gaffney et al., 1996) and could
alter the sub-population structure (Utter, 2001; Birnbaum
et al., 2003). Despite these risks, supportive breeding and
translocations may provide an effective avenue for the
recovery of a population’s fitness or for the prevention of a
loss of genetic diversity (Tallmon et al., 2004; Edmands,
2007). It thus becomes important to establish the relation-
ship between evolutionary divergences and impacts on
population structure that might be expected after human-
mediated hybridization (McClelland and Naish, 2007).
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Summary

1. Pathogen transmission from open net-pen aquaculture facilities can depress sympatric wild fish

populations. However, little is known about the effects of pathogen transmission from farmed fish
on species interactions or other ecosystem components. Coho salmonOncorhynchus kisutch smolts
are susceptible hosts to the parasitic salmon louse Lepeophtheirus salmonis as well as a primary

predator of juvenile pinkOncorhynchus gorbuscha salmon, a major host species for lice.
2. We used a hierarchical model of stock-recruit dynamics to compare coho salmon population

dynamics across a region that varies in salmon louse infestation of juvenile coho and their pink
salmon prey.

3. During a period of recurring salmon louse infestations in a region of open net-pen salmon
farms, coho salmon productivity (recruits per spawner at low spawner abundance) was depressed

approximately sevenfold relative to unexposed populations. Alternate hypotheses for the observed
difference in productivity, such as declines in coho prey, perturbations to freshwater habitat or
stochasticity, are unlikely to explain this pattern.

4. Lice parasitizing juvenile coho salmon were likely to be trophically transmitted during predation
on parasitized juvenile pink salmon as well as directly transmitted from salmon farms.

5. Synthesis and applications. The finding that species interactionsmay cause the effects of pathogen
transmission from farmed to wild fish to propagate up a marine food web has important conserva-

tion implications: (i) the management of salmon aquaculture should consider and account for spe-
cies interactions and the potential for these interactions to intensify pathogen transmission from

farmed to wild fish, (ii) the ecosystem impact of louse transmission from farmed to wild salmon has
likely to have been previously underestimated and (iii) comprehensive monitoring of wild salmon

and their population dynamics in areas of intensive salmon aquaculture should be a priority to
determine if open net-pen salmon aquaculture is ecologically sustainable.

Key-words: aquaculture, Pacific salmon, parasite, predator–prey, trophic transmission

Introduction

As a result of the extensive marine migrations of anadromous

salmonids, juveniles are spatially and temporally separated

from adults during early marine life. This serves as an allopat-

ric barrier to pathogen transmission between age classes until

they occur in sympatry either in the outer coastal environment

or in the open ocean (Krkosek et al. 2007b; Gottesfeld et al.

2009). A consequence of migratory allopatry is that during the

first few months of marine life, when they are most vulnerable,

juvenile salmonids are not subject to some pathogens common

to older and larger salmonids. Intensive open net-pen salmon

aquaculture can undermine this natural barrier to transmission

by providing a year-round host population in the nearshore

marine environment whose pathogens can spill over to

sympatric wild juvenile salmonids (Costello 2009). As global*Correspondence author. E-mail: bconnors@sfu.ca
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Abstract

ŽApparent digestibility of protein and availability of minerals Ca, K, P, Mg, Na, Cu, Fe, Mn,
.Sr, Zn in various feed ingredients were determined for coho salmon and rainbow trout using

Ž .yttrium oxide Y O as the inert marker and passive feces collection tanks. The feed ingredients2 3
were herring meal, menhaden meal, anchovy meal, deboned whitefish meal, poultry by-product
meal, feather meal, soybean meal, corn gluten meal, wheat gluten meal, wheat middling and wheat

Ž . Ž .flour. Apparent digestibility % of protein and availability % of minerals were determined as a
fractional net absorption of nutrients from diets. Apparent digestibility of protein and availability

Ž .of K was high )80% in all feed ingredients, whereas digestibility of dry matter and availability
of Ca, Cu, Fe, Mg, Mn, Na, P, Sr and Zn were variable among ingredients. Apparent availability
Ž . Ž% of mineral elements was not significantly correlated to the amount of nutrient intake mg

y 1 y 1. Ž y 1 y 1.nutrient g BW day in any test diet. Net nutrient absorption mg g BW day was
Ž .positively correlated P-0.05 to the nutrient intake except for Mn, Fe and Ca. Fecal nutrient

Ž y 1 y 1. Ž .losses mg g BW day were positively correlated P-0.05 to nutrient intake except for
protein, Na, K and Zn. q 1998 Elsevier Science B.V.
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We compared growth in a domesticated strain of coho salmon (Oncorhynchus kisutch), that had been selected
for rapid growth over 16 generations, to that of its hatchery-origin unselected parental stock. Fish were
spawned on the same date and incubated under similar conditions. First feeding fry were fed to satiation and
then were fed a commercial salmon feed at two ration levels, either to satiation or on a fixed ration from the
size at which the smallest fish could accept a 1-mm pellet (domesticated 0.65 g, hatchery 0.96 g). The
domesticated fish outperformed unselected fish by growing faster and to a larger size, ingesting a greater
amount of feed when fed to satiation, and exhibiting greater efficiency in feed conversion. When fed to
satiation, domesticated fish ingested 53% more feed and gained 78% more weight compared to unselected
fish. The selected fish also appeared to utilize dietary lipids for energy while sparing protein for growth,
while unselected fish deposited dietary lipids as body fat. These results indicate that selection over 16
generations for growth also resulted in changes in feed efficiency and energy allocation. Understanding the
mechanisms underlying improved growth will aid future selection studies by identifying multiple targets of
selection that contribute most to growth.

Published by Elsevier B.V.

1. Introduction

The number of cultured fish undergoing selective breeding is
increasing worldwide, but is still relatively small compared to farmed
terrestrial animals. Gjedrem (2005) stated that breeding programs aim
to improve three primary attributes of cultured animals: (1) animal
welfare through domestication to reduce stress, (2) animal productivity,
and (3) product quality. Rapid growth and high feed conversion
efficiency of farmed animals, including salmonids, is a key determinant
of commercial farming success (Sizemore and Siegel, 1993; Fjalestad
et al., 2003). Variation in growth rate in salmonids can be attributed to
many mechanisms. These include maternal effects (Heath et al., 1999),
rate of embryonic development (Robison et al., 2001), stomach size
(Rindorf, 2002; Grove et al., 1978), feed intake (Ogata et al., 2002;
Mambrini et al., 2006), metabolic rate (Boily and Magnan, 2002),
temperature and genotype (Wangila andDick,1988), domestication and
behavior (White, 1985; Robinson and Doyle, 1990; Ruzzante, 1994), and
digestion efficiency (Bendiksen et al., 2003; Menoyo et al., 2003).
Understanding the mechanisms underlying changes in growth rate
enable one to develop effective breeding programs and predict potential
changes in performance.

One long running selection program with Atlantic salmon (Salmo
salar)was initiated in1971byAKVAFORSK, andhas beenunder selection
for multiple generations (Gjedrem, 2000). Thodesen et al. (1999)

compared growth of the fifth generation of the AKVAFORSK fish with
that of the source population and reported faster growth in the
domesticated stock and attributed this to higher feed intake and feed
efficiency. Gjedrem (2000) reported that an 11% genetic gain per
generation, for growth rate, has been seen in highly selected stocks of
Atlantic salmon. Because salmon have a high degree of phenotypic
plasticity, environment can play a large role in genotype expression.
Overall, both genetic and environmental factors are implicated in
variation in many traits among conspecific strains of fish.

This study compared a domesticated strain of coho salmon
(Oncorhynchus kisutch), selected for rapid growth, to its source
population, a hatchery stock from a watershed with a robust naturally
spawning population. Dømsea-Aquaseed,1 in cooperation with scien-
tists from the University of Washington (UW), developed the Dømsea
coho salmon strain in 1977 in Washington State (USA), from a line of
mass-selected fish developed by NOAA Fisheries in 1971 (Novotny,
1975). These fish have been subjected to intensive selection for over
16 generations. Northwest Fisheries Science Center (NWFSC) and
University of Washington scientists have used Dømsea stock coho
salmon in numerous studies since 1977 (Tave, 1989). This strain has a
recorded pedigree and considerable information on its genetics and
performance has been compiled and analyzed (Myers et al.,1999, 2001).

The Dømsea coho salmon strain was bred primarily for rapid growth.
Selection program goals were to produce fish with a 2-year life cycle that
would have a large body weight at the end of the freshwater phase of
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Abstract

An 8-week experiment was designed to re-evaluate the arginine requirement of fingerling coho
Žsalmon. Triplicate groups of fish were fed semipurified isonitrogenous av. protein as g amino

. Ž .acidsr100 g dry diets 45.2 and isolipidic av. crude lipid 11.9% dry weight diets containing
Žgraded levels of arginine in a 6=2 factorial design with six arginine levels expected values 3.5,

. Ž .4.5, 5.5, 6.5, 7.5 and 8.5% of the dietary protein and two feeding rates satiation and restricted .
The apparent digestibility of arginine in the experimental diets was also evaluated. The growth
rates of the fish fed the experimental diets was comparable to that of fish fed a practical control
diet, indicating a more than acceptable overall performance of the experimental diets. When
broken-line analysis was performed on the weight gain data against the actual arginine content of
the diets corrected by their apparent digestibility coefficients, a breakpoint was found at an
arginine level of 4.9% of the dietary protein for the satiation-fed groups and of 5.5% for the
restricted-fed groups. Results from the present study confirm that the arginine requirement of
Pacific salmon is the highest among the values reported for other salmonid species studied to date.
q 1998 Elsevier Science B.V. All rights reserved.

Keywords: Oncorhynchus kisutch; Arginine; Amino acid requirement; Amino acid apparent digestibility
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Commercial diets fed to coho salmon (Oncorhynchus kisutch) contain high levels of fish meal and fish oil.
Given concerns about future supplies and prices of these commodities, more nutritional research aimed at
identifying alternative dietary ingredients for Pacific salmon is needed. Thus, utilizing a factorial design, ter-
restrial proteins and lipids were evaluated in practical diets fed to coho salmon. The two basal diets,
containing mostly marine proteins or containing only terrestrial proteins, were extruded and top-coated
with either marine fish oil or a 63:37 mixture of canola and flaxseed oils. Each of the four dietary treatments
was fed to quadruplicate groups of juvenile coho salmon initially weighing 7.5 g/fish. At the end of the 15-wk
feeding trial, weight gain (WG), feed efficiency (FE) and survival were significantly higher in fish fed diets
containing marine protein compared with fish fed diets containing terrestrial proteins. Similarly, WG and
FE were significantly higher in fish fed diets containing fish oil compared with fish fed diets containing
plant oils. Survival was not significantly affected by dietary lipid source. Hemoglobin, hematocrit and total
protein concentrations in whole blood were significantly higher in fish fed the marine protein diets compared
with fish fed the terrestrial protein diets. Hematological responses were not significantly affected by dietary
lipid source. Tissue (liver, muscle and carcass) lipids in fish fed the diets with added fish oil contained signif-
icantly higher proportions of 20:5n-3 and 22:6n-3 and significantly lower 18:1n-9, 18:2n-6 and 18:3n-3 per-
centages compared with fish fed the diets with added plant oils. Tissue fatty acid profiles also were
significantly affected by dietary protein source, as liver, muscle and whole body lipids of fish fed the terres-
trial protein diets contained significantly higher percentages of 18:2n-6 and total n-6 PUFA and a significantly
lower total n-3:n-6 fatty acid ratio compared with fish fed the marine protein diets. Results of this study in-
dicate complete replacement of dietary fish meal or fish oil individually have similar inhibitory growth effects
in coho salmon, but have different effects on survival, hematological responses and tissue fatty acid percent-
ages in this species.

Published by Elsevier B.V.

1. Introduction

The fish reduction industry utilizes one-quarter of the global capture
fishery supply to produce fishmeal and fish oil (De Silva et al., 2011). As
aquaculture utilizes 68% and 89% of global fish meal and fish oil sup-
plies, respectively (Tacon and Metian, 2008), there are concerns about
the sustainable use of these commodities in aquaculture feeds (Naylor
et al., 2009). Further, marine fish meal and fish oil are potential sources
of contaminants such as dioxins, polychlorinated biphenyls (PCB), bro-
minated flame retardants (BFR) and organochlorine pesticides in
farmed fish fed these ingredients (Pickova et al., 2011). These and
other concerns have prompted fish meal and fish oil replacement stud-
ies with numerous aquaculture species (Gatlin et al., 2007; Naylor et al.,
2009; Turchini et al., 2009).

Numerous terrestrial proteins and lipids have been evaluated as
partial or total replacements for fish meal and fish oil in aquaculture
feeds (Glencross et al., 2007; NRC, 2011). Results of alternative pro-
tein studies with salmonids have varied. In some studies with rain-
bow trout (Oncorhynchus mykiss), no significant differences in
growth rates between control fish and those fed fish meal-free diets
containing mixtures of animal and plant protein sources (Lee et al.,
2002) or only plant protein sources (Barrows et al., 2007; Kaushik
et al., 1995; Lee et al., 2010) were detected. In other studies, rainbow
trout fed diets containing only plant protein sources had significantly
lower growth rates compared with those fed a fish meal control diet
(Adelizi et al., 1998; Alami-Durante et al., 2010; de Francesco et al.,
2004; Gomes et al., 1995; Panserat et al., 2009). Similarly, growth
rates of Atlantic salmon (Salmo salar) fed diets in which alternative
proteins partially or completely replaced fish meal were significantly
reduced in some studies (Mundheim et al., 2004; Opstvedt et al.,
2003; Pratoomyot et al., 2010, 2011), but not in others (Carter and
Hauler, 2000; Mente et al., 2003; Refstie et al., 2001). Variable results
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The Effect of Temperature and Ration Size on the Growth, Body
Composition, and Energy Content of Juvenile Coho Salmon

Thomas A. Edsall1, Anthony M. Frank2 , Donald V. Rottiers3, and Jean V. Adams
U.S. Geological Survey

Biological Research Division
Great Lakes Science Center

1451 Green Road
Ann Arbor, Michigan 48105

ABSTRACT.   Juvenile (post-smolt) coho salmon (Oncorhynchus kitsuch) were held in fresh water in the
laboratory at 5, 10, 15, and 18°C for 8 weeks and fed freshly thawed, juvenile alewives (Alosa pseudo-
harengus) at rates equal to 1 and 2 % of their wet body weight/day, and also at the ad libitum or unre-
stricted ration rate. Most rapid growth in weight (1.2% wet body weight/day) occurred among fish fed the
ad libitum ration at 15°C; growth was most rapid at about 10°C for fish fed the 2% ration  (0.7% /day),
and the 1% ration  (0.1% /day). Gross conversion efficiency was highest at 10°C for all three ration lev-
els. Gross body constituents and energy content of the test fish changed with temperature and ration dur-
ing the study. Growth rate was positively related to lipid, energy content, and ration; lipid and energy
content were positively related to water temperature; lipid, energy content, growth rate, ration, and
water temperature were negatively related to water content; and protein was not related to any of the test
variables. At the end of the study, water (68.7 to 76.4%) and lipid (3.5 to 10.4%) content were more vari-
able than ash (1.8 to 3.1%), carbohydrate (0.1 to 1.9%), and protein (16.9 to 19.4%) content. Energy
content of the fish increased with ration and was highest for each ration level at 15°C.

INDEX WORDS: Coho salmon, growth, bioenergetics, proximate composition, Great Lakes.

355

INTRODUCTION
The coho salmon (Oncorhynchus kitsuch) is an

anadromous species native to Pacific Rim
drainages from Japan to California. It was success-
fully introduced into Lake Michigan in 1966 by the
Michigan Department of Natural Resources to con-
trol the abundance of alewife (Alosa pseudoharen-
gus) ,  an invading species,  and to enhance
sportfishing (Tody and Tanner 1966). In the Great
Lakes basin, the life cycle of the coho salmon is
similar to that of populations in their native range
except that it is typically shorter (about 3 years)
and is spent entirely in fresh water. Stocking of
coho salmon now occurs annually in selected tribu-

taries throughout the Great Lakes basin and spawn-
ing runs of mature adult fish occur regularly in a
number of these tributaries. Significant natural re-
production occurs in some Great Lakes tributaries
(Rybicki et al. 1990) and the species probably can
be considered a naturalized component of the fish
fauna of the basin.

This study was conducted to provide bioener-
getic information on juvenile (post-smolt) coho
salmon that were held in fresh water and main-
tained on a diet of alewives—conditions similar to
those faced by coho salmon at this life stage in the
lower four Great Lakes. Such information con-
tributes to an overall understanding of trophic rela-
t ions in the Great Lakes ecosystem and the
accumulation of contaminants in coho salmon. It
can also be used to help develop estimates of the
forage requirements of Great Lakes coho salmon
populations and to adjust  stocking rates so 
that these hatchery-enhanced populations do not
overwhelm the forage base available to support
them.
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