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EXTENDED ABSTRACT ONLY – DO NOT CITE

Normal development of Atlantic salmon requires growth in both fresh and
seawater.  Both rearing conditions and genetic background affect the ability of
salmon smolts to tolerate seawater exposure.    The molecular mechanisms
underlying these differences, however, have seldom been examined.
Comparisons of genetically different strains reared under identical conditions, at
all levels of organization including the molecular level, are important in order to
determine the basis of differences in salinity tolerance.  Recent evidence
suggests that changes in the mRNA levels of gill transport proteins including the
Na+,K+-ATPase α-subunit (Madsen et al. 1995; D’Cotta et al. 2000) and the
chloride channel CFTR (Singer et al. 1998) may be critical to surviving seawater
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exposure in  teleosts.  Further studies have observed increases in the level of
Na+,K+-ATPase α-subunit mRNA following cortisol implantation (Madsen et al.
1995), as well as a transient increase in plasma cortisol levels that precede the
rise in CFTR mRNA levels in F. heteroclitus, (Marshall et al. 1999), suggesting
cortisol regulation of both of these teleost genes. 

The present study is the first to compare differences between strains of Atlantic
salmon at the level of gene expression.  We have studied the expression of the
Na+,K+-ATPase α-subunit, CFTR I and CFTR II following seawater exposure in
the gills of Atlantic salmon smolts derived from two distinct Norwegian
populations: a domesticated strain, AquaGen and a native River Imsa strain.
When compared under identical conditions these strains differ in behaviour and
growth, with the AquaGen strain competitively and reproductively inferior to
the Imsa strain (Einum and Fleming 1997).  

Our main objectives are: 1) to determine if there are differences in the ability of
each strain to adapt to seawater by investigating changes in plasma ion levels
and gill Na+,K+-ATPase activity; 2) if differences exist, to determine if they are
reflected in different gill gene expression patterns of Na+,K+-ATPase α-subunit,
CFTR I and CFTR II; 3) to determine the temporal expression patterns of the
two CFTR isoforms and α-Na+,K+-ATPase in the gills of Atlantic salmon smolts
following seawater exposure; and 4) to compare the interactive effects of
cortisol implantation and ambient seawater challenge.  

All experiments were performed at the NINA Station at Ims, Norway during
May 2000, coinciding with the annual natural smolt migration period in the
River Imsa.  Fish from both strains were reared under similar hatchery
conditions until smolting at age 1+.  Fish from each strain were held in 100 L
tanks containing freshwater supplied from the River Imsa (14.5- 16.0°C) for 24h
at which point the water was rapidly replaced with ambient temperature
seawater (32 ppt, 7.9°C) and the fish exposed for 1, 3, 8, 24, 96 h and 2 wks
prior to sampling.    To examine the interactive effects of cortisol and ambient
seawater challenge cortisol (50 mg · kg body mass-1), dissolved in vegetable oil,
or vegetable oil alone (sham) was implanted. Samples were taken 5 d post
implantation. Fish were then exposed to 24 h ambient seawater challenge.
Plasma cortisol, glucose, Na+ and Cl- levels, gill Na+,K+-ATPase activity were
measured from each fish.  To assess the gill Na+,K+-ATPase α-subunit, CFTR I
and CFTR II mRNA levels we utilized a semi-quantitative RT-PCR approach.
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Plasma ion levels were disrupted in both strains following seawater exposure,
but these disruptions were more profound in the AquaGen smolts.  Gill Na+,K+-
ATPase activity rose significantly in both strains following seawater exposure.
Both Na+,K+-ATPase α-subunit and CFTR I mRNA levels were significantly
elevated for the entire two-week period following seawater exposure, while
CFTR II levels were transiently elevated during the first 24 h only. There were
no differences in enzyme activity or gene expression between strains, with the
exception of CFTR II, which was significantly lower in the Imsa strain two
weeks following seawater exposure.  This suggests that while changes in mRNA
and protein expression for these genes are associated with seawater transfer,
they are not the basis of observed physiological differences between strains. 

Cortisol implantation significantly elevated plasma cortisol in control freshwater
replacement Imsa smolts while no effect was observed in seawater challenged
Imsa smolts. Cortisol implantation had no effect on the plasma cortisol levels of
AquaGen smolts regardless of seawater challenge.  Plasma ion levels were not
affected by cortisol implantation. Gill Na+,K+-ATPase activity increased in
response to cortisol implantation in only freshwater replacement smolts but not
seawater challenged smolts.  Gill Na+,K+-ATPase α-subunit mRNA levels were
not affected by strain, cortisol injection or transfer protocol, while both CFTR I
and CFTR II mRNA levels were significantly higher in AquaGen versus Imsa
smolts regardless of treatment.  CFTR I mRNA was elevated following cortisol
implantation in freshwater replacement smolts from both strains suggesting
CFTR I expression is under the control of cortisol.  These findings suggest that
plasma cortisol levels are regulated differently between strains and that cortisol
implantation and ambient seawater challenge interact, interfering with the
individual effects of each of these factors. 
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EXTENDED ABSTRACT ONLY – DO NOT CITE

During the last years, large numbers of farmed Atlantic salmon (Salmo salar L.)
have escaped in the North Atlantic, and e.g. in Norway, up to 38 % of the fish
recorded in rivers during spawning time have been of farm origin. The spawning
success of farmed salmon in nature is reduced compared to wild salmon,
especially among the males. This may be related to differences in behaviour,
genetics and/or physical fitness. Farmed salmon often have eroded fins and other
morphological defects. Farmed salmon also have reduced swimming
opportunities in the net pens, which may degenerate the physical condition of
the fish. Thus, farmed salmon may show a poorer physical performance than
wild salmon.

Atlantic salmon, like other salmonid species, show high heritability for growth
(above 0.2), indicating that it should be possible to obtain large responses to
selection. Indeed, increases in growth rate of 10-15% per generation have been
obtained in breeding programs for coho salmon (Oncorhynchus kisutch),
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rainbow trout (O. mykiss) and Atlantic salmon.  While selection programs have
frequently targeted growth rate as the primary breeding goal, it is surprising that
little is still known about which mechanisms underlying the growth process that
are being selected. Increased seawater growth of Atlantic salmon that have
undergone multiple generations of directed selection (Norwegian Salmon
Breeding Program) show increased energy and protein retention, as well as
greater feed consumption relative to wild conspecifics. However, it is not known
if the domestication of salmon has resulted in any fundamental changes of the
endocrine regulation of growth.

The aim of the first study was to test swimming performance of AquaGen
(reared) and Imsa (reared and sea ranched) Atlantic salmon using incremental
velocity tests to find their critical swimming speed (U-crit). Seventh-generation
farmed salmon from brood line 1 at AquaGen, first generation farmed Imsa
salmon and first generation sea-ranched Imsa salmon were used in the
experiment. These three groups were all the same age, having been created in
the fall of 1995. It was thus possible to compare performance between two
groups with the same rearing background (AquaGen and Imsa farmed). These
groups could then be compared with sea-ranched Imsa salmon with the same
juvenile hatchery background as AquaGen and Imsa farmed salmon. 

The aim of the second study was to examine whether the process of artificial
selection of Atlantic salmon that has resulted in higher growth rate resulted in
underlying changes in the growth hormone – insulin growth factor (GH – IGF-I)
axis of endocrine growth regulation.  AquaGen (reared) and Namsen (wild; the
principal founder population of the AquaGen broodline 1 strain) Atlantic salmon
were used. AquaGen salmon were of the same origin as explained above.
Simultaneously, eyed eggs of wild salmon (confirmed by scale analyses) from
the river Namsen, were taken to the NINA Station. These groups were created in
the fall of 1995. By rearing the juveniles under similar environmental conditions
in all studies, including common densities and rotation among tanks, we
attempted to reduce possible rearing-tank effects.

Study 1: 
The three groups were tested for critical swim speed during weeks 39 through
44 (water temperature 10 °C). After the swim speed tests, a blood sample was
taken from each of the fish. All fish used were tagged with Carlin tags. The
same procedure was performed on the same fish during weeks 49 through 51
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(water temperature 3.6 °C). in order to develop changes in swimming
performance, metabolic rate and physiology. 

There were no significant differences in swimming performance between
farmed Imsa males and females in period 1 and 2 (Anon, 2000). Levels of
plasma glucose, lactate, sodium, potassium, chloride, calcium and blood
hematocrit were within the normal ranges for salmonids in fresh water. GH
levels were relatively low at both periods.

There were no significant differences in swimming performance between sea-
ranched Imsa males and females in period 1 and 2. An exception to this was sea-
ranched Imsa males having a higher U-crit in period 1. Levels of plasma
glucose, lactate, sodium, potassium, chloride, calcium and blood hematocrit
were within the normal ranges for salmonids in fresh water. However, in period
2, glucose levels were high and lactate levels were low for both males and
females. GH levels were higher in period 2 compared to period 1 and at both
periods higher compared to farmed Imsa salmon.

Swimming performance of AquaGen males and females in period 1 was not
significantly different. Levels of plasma glucose, lactate, sodium, potassium,
chloride, calcium and blood hematocrit were within the normal ranges for
salmonids, except males had lower chloride levels than females in period 2. In
period 2, swimming performance of AquaGen salmon was poorer, particularly
that of the females. GH levels were at a higher level compared to farmed Imsa
salmon.

The results shows that AquaGen salmon have a poorer swimming performance
during period 2 compared with Imsa farmed and Imsa sea-ranched salmon, and
that the swimming performance was poorer in AquaGen females at period 2. 

Study 2: 
In fish as in other vertebrates, growth hormone (GH) is the major regulator of
growth, stimulating skeletal and muscle growth. The growth-promoting action
of GH is thought to be direct, as well as indirect through the GH-induced
increase in hepatically-derived plasma insulin-like growth factor I (IGF-I)
levels, and paracrine IGF-I tissue expression. The effects of GH on growth in
salmonids have been amply demonstrated with various GH treatments, as well
as GH transgenesis of salmon. These studies show that GH stimulates protein-
accretion as well as lipid mobilization, usually resulting is a faster growing,
leaner fish. 
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The results from the present project show that domesticated fish outgrew their
wild counterparts and this was most evident in salt water, where they averaged
three times the weight by the end (Fleming et al., in press). Pituitary GH content
was positively correlated with growth rate and correspondingly, was
significantly higher in the faster growing domesticated fish than the wild fish.
Plasma GH levels were also significantly higher in the domesticated fish,
whereas IGF-I levels did not differ. These findings provide some of the first
direct evidence indicating a link between domestication selection for growth and
its endocrine regulation, whereby individuals with more active endocrine growth
regulatory components are targeted.
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EXTENDED ABSTRACT ONLY - DO NOT CITE

Captively reared Snake River spring chinook salmon generally spawn two to six
weeks later than returning wild fish of the same stock. This de-synchronization
in spawning time presents problems to captive broodstock programs that
reintegrate captive animals into the wild through releases of captively reared
adults and/or the cross fertilization of wild and captively produced gametes.
Delayed ovarian development may be due to rearing conditions early in the life
cycle, during the final year prior to spawning when secondary oocyte growth is
occurring, and/or during the final stages of maturation prior to ovulation. For
example, the seasonal delay in ovulation could be caused by inappropriate
environmental cues, such as temperature, altering the rate of oocyte
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development. The goal of this study was to determine at what stage the captively
reared fish are delayed. Gonadal maturation in a hatchery stock of Snake River
spring chinook salmon, after their upstream migration, was compared to that of
captively-reared  fish. In addition, it has been shown that temperature can delay
spawning in several salmonid species (e.g. Taranger and Hansen, 1993;
Pankhurst et al., 1996), we therefore, conducted a trial to test the effect of water
temperature on the timing of spawning.

Adult spring chinook salmon that returned, from the ocean, to the Rapid River
hatchery (RR-hatchery return) were sampled (10 males and 10 females) monthly
from May through early September.  Captively reared female adults of the
Lemhi River (LR-captive) stock were sampled (5-9 females) during May,
August and at spawning in late September and early October. Reproductive
hormones in pituitaries and plasma were measured by immunoassay and gonad
stage was determined by histology. Carcasses, viscera and gonads were also
collected for proximate composition analysis, and photographs of whole bodies
were taken for morphometric analysis of body shape. Females of the LR-captive
stock were reared in either freshwater (Eagle Hatchery) or seawater (NMFS
Manchester) until the end of May and then were transferred to either chilled (8
0C) or ambient (14 0C) freshwater in early June (Figure 1).

Figure 1. Temperature treatments, sampling and spawning times.

The LR-captive females were 50% smaller in body size, had smaller eggs, and
higher relative fecundity but lower total fecundity than the RR-hatchery return
females. Pituitary gonadotropins showed a similar pattern of change in the two
groups, but levels were 3-4 fold lower in the LR-captive than the RR-hatchery
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return stock. Plasma estradiol-17ß levels were similar for the two groups in
May, however, by August the LR-captive had significantly higher levels than
the RR-hatchery return stock. From May to August, gonadosomatic indices
increased 4 and 6-fold in the LR-captive and RR-hatchery return females,
respectively. LR-captive females had significantly lower gonadosomatic indices
than RR-hatchery return females and considerable  atresia and asymmetry in the
size of the two ovaries. Overall the LR-captive stock spawned 3-6 weeks later
than the RR-hatchery return stock. Spawn date of LR-captive fish was not
affected by rearing temperature after May. However, fish reared at the Eagle
Hatchery in freshwater prior to May had significantly delayed spawn time
compared to fish reared in seawater at NMFS-Manchester.

Together these data suggest that the delay in spawning seen for the LR-captive
stock may occur during early ovarian growth and is unaffected by environmental
manipulation during final maturation and ovulation. However, atresia in the
ovaries of the LR-captive females complicated interpretation of the endocrine
data, and the environmental manipulation was performed on a relatively small
number of animals. Analysis of gonad histology (in progress) will help to
confirm these findings. 
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EXTENDED ABSTRACT ONLY – DO NOT CITE

Introduction

Hatchery-reared salmonids have a low survivorship when released into the wild,
and numerous studies have indicated that the inferior swimming performance
(stamina) of these fish may be a major contributing factor (e.g. McDonald et al.,
1998). In view of the positive relationship between swimming performance and
cardiac variables (Kolok et al., 1993), it is probable that the poor swimming
performance of hatchery-reared salmonids is at least partly related to aspects of
their cardiac morphophysiology.

To investigate whether cardiac morphology and performance are different
between adult hatchery-reared and wild Oncorhynchus mykiss, we measured
maximum cardiac function, anoxia tolerance and cardiac morphology in two
groups of hatchery-reared rainbow trout and two groups of wild steelhead trout
(completely wild, and those reared in hatcheries until smolts) (size range 300 –
800g). 

Methods

Steelhead trout were seined from the Rogue River by Oregon Dept. of Fish and
Wildlife personnel in August 2000. These fish consisted of completely wild fish
and those that were raised until smolts in an Oregon State hatchery (no adipose
fins), and were captured in 21oC water approx. 8 miles upstream from the river’s
mouth. Rainbow trout were obtained from commercial fish farms in Oregon and

mailto:kgamperl@mun.ca
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Washington State in the fall of 2000, where they were kept in earthen canals or
ponds. These ponds were supplied with well water and/or surface water from
local streams, and water temperatures at the time of collection were approx. 18
oC. All fish were transported back to Portland State University (PSU), and were
held in 1000L tanks at 18 + 1oC for a minimum of 10 days prior to experiments.
None of the fish were fed while at PSU because the wild fish refused to eat in
captivity. 

Experimental Procedures
An in situ heart preparation (Farrell et al., 1986) was obtained from each animal,
and the heart was allowed to recover from surgery for approx. 20 min.
[temperature 18oC, cardiac output (Q) 22 ml min-1 kg-1, output pressure (Pout) 50
cm H2O]. Thereafter, the heart was exposed to a series of experimental
manipulations: 1) an initial assessment of maximum cardiac output (Qmax) and
power output (Pmax); 2) 15 min. of anoxia or normoxia (Pout maintained at 50 cm
H20); and 3) a 2nd assessment of Qmax and Pmax after 15 min. of recovery. 

After experiments were complete, the fish’s heart was removed, weighed, and
the ventricle was placed into buffered 10% formalin. Thereafter, the compact
and spongy myocardium were separated, weighed, and the proportion of the
ventricle that was composed of compact muscle was calculated. 

Results

Relative ventricular mass (RVM) and % compact myocardium were
significantly higher in the rainbow trout from Washington (0.109 + 0.003 and
32.9 + 2.7) as compared with the completely wild steelhead trout (0.094 + 0.004
and 26.5 + 1.8). However, this was the only difference between the groups, and
probably reflected the high proportion (5 out of 8) of males in the former group.
Despite the differences in RVM and % compact myocardium, there were no
initial differences in mass-specific cardiac performance between the groups
(Table 1). 

Fifteen min. of anoxia caused a significant reduction in maximum cardiac output
(Qmax) and stroke volume (SVmax) in all the groups (range 11 – 17%), as
compared to hearts from Oregon rainbow trout that were only exposed to
normoxia (5%). However, there were no significant differences between the
anoxic groups, and anoxic exposure appeared to have little effect on maximum
power output (Pmax). The reduction in Pmax in the normoxic trout was not
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significantly different from that of any of the groups exposed to anoxia (Table
2). 

Table 1. Maximum cardiovascular variables in hearts of wild and hatchery-
reared Oncorhynchus mykiss prior to anoxia. No significant differences were
found between groups.

Oregon Hatchery 
Rainbows (N = 6)

77.8 + 1.9 1.10 + 0.05 7.11 + 0.45 

Anoxia Exposed
Wild-Wild
Steelhead (N = 8)

73.2 + 3.2 1.02 + 0.05 7.34 + 0.19

Hatchery-Wild 
Steelhead (N = 8)

68.0 + 3.1 0.97 + 0.04 7.16 + 0.21 

Oregon Hatchery 
Rainbows (N = 6)

76.6 + 3.4 1.08 + 0.06 7.00 + 0.27 

Washington  Hatchery
Rainbows (N = 8)

76.9 + 5.0 1.08 + 0.05 7.43 + 0.45 

Discussion/Conclusions

We found no evidence that heart size and the percentage of compact
myocardium differed between wild Oncorhynchus mykiss and those cultured in
earthen ponds or canals. These results are in contrast to those of Graham and
Farrell (1992) who report that adult rainbow trout held in relatively pristine
conditions and stable temperatures (8-11oC) can be distinguished from wild
anadromous conspecifics based on heart morphometrics. 

In this study, cardiac morphometrics, maximum cardiac function and hypoxia
tolerance were not different between wild and cultured Oncorhynchus mykiss.
These results strongly suggest that cardiac function does not differ between
adult wild and pond-reared trout, and thus that any differences in swimming
performance between these two groups is due to other factors. 

Group Cardiac
Output

(ml min-1

g ventricle-1)

Stroke Volume
   (ml min-1 
 g ventricle-1)

Power
(mW g 

ventricle-1)

Normoxia Only
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Leonard and McCormick (2001) showed that stream-reared Atlantic Salmon
smolts had larger hearts as compared with hatchery-reared conspecifics.
However, our results suggest that such differences are unlikely to persist in adult
fish.

Table 2. Effect of 15 min. of anoxia on maximum cardiac variables in rainbow
and steelhead trout. All values represent the ratio of performance after anoxia
(2): that before anoxia (1). Groups with dissimilar letters are significantly
different (P < 0.05; one-way ANOVA).

Oregon Hatchery 
Rainbows (N = 6)

0.98 + 0.04 b 0.95 + 0.02b 0.86 + 0.02ab

Hatchery-Wild 
Steelhead (N = 8)

0.88 + 0.031a 0.83 + 0.03a 0.83 + 0.04 a

Oregon Hatchery 
Rainbows (N = 6)

0.89 + 0.13 a 0.87 + 0.02a 0.94 + 0.04 b

Washington Hatchery
Rainbows (N = 8)

0.87 + 0.02a 0.85 + 0.03a 0.89 + 0.03 ab
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Introduction

The culture of salmon and other fish under controlled conditions, followed by
release or escape of juveniles into the wild has caused much discussion about
the potential detrimental impact on existing wild salmon populations
(Lichatowich 1999). If growing salmon in a controlled environment causes
irreversible changes from the suite of characteristics that enable the fish to
survive in natural streams, then stocking programs meant to increase fish
abundance may cause 'collateral damage' by replacing well adapted 'wild' fish
with maladapted 'hatchery fish. This may lead to an overall decrease in
abundance. The basic premise of this line of thought is that culturing salmon in
hatcheries for part of their lives makes them less capable of surviving in natural
conditions, even during other parts of their lives. The concern is that this
incapacity not only exists, but is wired into the salmon's genes and makes the
hatchery fish unsuitable for mating with wild fish.

The proposed premise is illustrated in Figure 1 as a cascade of behaviours that
leads to consequences in survival that are different for hatchery fish than for
wild fish. Competition for food and status in a hatchery rearing pond leads to
selection for more aggressive and dominance behaviour, which leads both to
greater feeding and growth (leading to higher survival) and to greater risk of
predation (lower survival). The degree of aggressiveness, dominance, feeding
and predator response behaviours have been tested in the lab and in simulated
natural conditions, with equivocal results, as discussed below.
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Figure 1. Possible cascade of behaviours that might be expected if hatchery fish
were inherently more aggressive than wild fish.

Aggression

In 1969, Peter Moyle (Moyle 1969) noticed that wild-origin brown trout
behaved differently in raceway ponds than fish that had been cultured for several
generations. He suggested that these "domesticated" fry were more active than
their "wild" cousins but no experiments were performed to test the difference.
Subsequent workers also noted indications of increased aggression in hatchery
salmon in comparisons with wild ones but could not separate out potential
environmental influences from "innate" (genetically-driven) responses
(Fenderson et al. 1968, Mesa 1991, Rhodes and Quinn 1998). 

The first study of Pacific salmon that specifically tried to identify genetic effects
used mirror image simulation (MIS) studies to measure aggressive tendencies
(Swain and Riddell 1990). A fish is placed in an aquarium and exposed

Hatchery selects for more aggressive nature

More attacks on conspecifics

Social dominance

Poorer predator avoidance More feeding and growth

More predation Outcompete wild fish for food

Lower survival Higher survival



21

periodically to its own image in a mirror, to which it reacts with behavioural
displays. Many factors that might affect aggression -- individual differences in
size, activity level, territoriality, density, competition, physical locations, value
of the resource being competed for, perception of risk from predators -- are
reduced in MIS tests. The results indicated that emergent fry from the two
hatchery stocks tested were slightly more aggressive than those of the matched
wild stocks. This paper caused some controversy as to the utility and relevance
of using MIS studies to speculate on behaviour in natural conditions (Ruzzante
1991), but the original authors rebutted that their work had been taken out of
context and that it was "only initial small steps in the empirical investigation of
effects of domestication on agonistic behaviour of salmonid fishes," and that it
was " not possible to rule out the possibility that our results are explained by
interpopulational differences unrelated to domestication." 

However, some later studies indicated the opposite of Swain and Riddell's
findings, that newly emerged fry of wild stocks are more aggressive than
"domesticated" ones (Berejikian et al. 1996), or that there was no difference in
aggressiveness (Einum and Fleming 1997, Reinhardt 2001). The theory that a
hatchery environment has a higher intensity of competition leading to selection
for aggression can be countered by the theory that the abundance of food in the
hatchery environment would decrease the payoff of aggressiveness leading to
lowered aggression (Doyle and Talbot 1986).  Also, selection for ever-escalating
aggression in any environment would be maladaptive and not be an evolutionary
stable strategy (ESS, (Krebs and Davies 2001)). These conflicting results do not
lend much credence to the "domestication" concept.

Even so, for the ensuing 11 years, the paper by Swain and Riddell has been
repeatedly quoted as proof positive of the increased aggressiveness of hatchery
fish relative to their wild counterparts (Berejikian 1995, Busak and Currens
1995, Einum and Fleming 1997, Einum and Fleming 2001, Flagg and Nash
1999., Fleming et al. 1994, Johnsson et al. 1996, Johnsson et al. 2001, Mesa
1991, Petersson et al. 1996, Quinn and al. 1994, Reisenbichler 1997, Rhodes and
Quinn 1998, Unwin and Glova 1997). There are many other reviews that have
taken Swain and Riddell at their precautionary word, but the multiplier effect of
the above list of papers is enormous. This citation of marginal results as solid
proof is common to all of the studies discussed in this essay. 

The next step in the model cascade is for the more aggressive hatchery fish to
become dominant over wild conspecifics. This kind of experiment is very hard
to control for extraneous influences like fish size, colour, shape, meristics (fin
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length, body depth, eye size) that might just be stock characteristics but could
have a strong influence on both initiating and responding behaviours (Fresh
1997, Pusey and Packer 1997). Evaluation of dominance can be quite subjective,
involving assumptions about body posture and position, again in an extremely
unnatural setting if carried out in an aquarium. The basic behavioural ecology
principle that bigger fish become dominant has not been unseated by tests of
hatchery versus wild salmon (Berejikian et al. 1996, Einum and Fleming 1997).

Feeding and Predation

If increased aggression by hatchery fish has not been proven, one might think
that the whole house of cards (Figure 1) would come crashing down, but there
may be other reasons why wild and hatchery fish would have different success
at feeding or susceptibility to predation. That is, the cascade of behaviours
leading to differential survival might start further downstream than the diagram
suggests.

Do several generations of eating pelleted feeds make fish incapable of knowing
a good mayfly larva when they see one?  Apparently not, since fish tend to
sample and taste bite-sized things frequently and learn to determine what is
edible and how to eat it (handling) very quickly (Mesa 1991, Reiriz et al. 1998).
However, since feeding does not occur in isolation of other influences, the more
interesting studies of feeding combine it with predation risk (see below).

Do generations of protection during freshwater rearing inure fish to disturbance
and make them more susceptible to predation?  The question here is twofold, 
1) whether hatchery rearing can dull the wariness of fish to predators and 
2) whether there is an innate difference in hatchery versus wild fish after

identical early experience. 
Fish learn from experience and certainly learn to surface-orient if that is where
the food is and to ignore above-water disturbance if there is no apparent harm
from it (Moyle 1969). These traits might be carried to the wild once hatchery
fish are released, but hatchery fish are still capable of learning to change their
behaviour in response to a new set of circumstances (Berejikian et al. 1996,
Johnsson et al. 2001). Fish learn to recognize predators (but not necessarily a
mock predator) and take appropriate action to avoid predation very quickly,
whether they are from a hatchery or wild stock. Hatchery fish may not be able to
swim away as quickly but this has not be studied, nor have post-release
behaviours such as differences in schooling or migration patterns.
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A gradient of measures of risky behaviour, going from the most indirect to the
most direct would include: 
a) recording the behaviour of fish in the absence of a predator (tank position)
and assuming that some positions are superior for predator avoidance;
b) presenting a fake predator to the fish and assuming that certain kinds of
subsequent behaviour would be better to avoid predation;
c) noting the orientation of victims to a real predator and making assumptions as
to suitablity for predator avoidance; 
d) counting the number of approaches or attacks by a predator towards potential
victims, and the responses to avoid getting caught; 
e) counting the number missing (successful attacks) after exposure to a real,
effective predator.

Any of the above protocols can be combined with feeding of live or artificial
feeds to up the ante in terms of payoff for bold behaviour. Tests can also be
conducted in a variety of environments ranging from bland-featured aquaria to
richly varied natural streams to see if the laboratory results are matched by field
results. 

The first artificial protocols require some faith in assumptions that may not have
been tested. Even if the predator is real, judgements made about what locations
or strategies are most suitable to avoid predation may not be correct. In a study
where young salmon were kept from a big trout predator by a mesh net that only
they could pass through, the ‘hatchery fish’ were more frequently observed on
the ‘risky’ side of the barrier, although 3/4 of the fish actually killed by the
predator were ‘wild’ (Johnsson and Abrahams 1991). The conclusion was that
the hatchery fish were “more willing to risk exposure to a predator than a wild
strain of trout” which is true, and that this “is likely to reduce the survival of the
“hatchery” fish in natural habitats”, which is pure, unfounded conjecture.

In the best study of an actual predator (as opposed to a cardboard cut-out)
preying on hatchery-versus-wild salmon, the predation rate was low, averaging
less than one fish caught in 18 hours in a confined space by a sculpin presented
with six 3-week-old victims, and less than 10 fish caught in 3 days by 5 sculpins
presented with a smorgasbord of 26 4-week-old salmon (Berejikian 1995). The
differences between hatchery and wild fish predation rates was not significant.
In other tests, prior experience with the predator made the salmon very cautious
in its presence.
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All Together Now

When all of the factors are put together -- aggression, feeding and predator
avoidance -- in a natural stream setting and tested for outcomes, survival studies
should be able to prove or disprove the validity of the separate studies on each
factor. In the final analysis, it is actual survival in a field situation that counts,
not speculation as to which behavioural traits might lead to higher or lower
survival. The few studies that have tested for differential survival have failed to
detect a difference between hatchery and wild fish (Einum and Fleming 1997,
Johnsson and Bjornsson 2001), even when the hatchery fish were domesticated
farmed Atlantic salmon that had been bred in captivity for seven generations. If
these fish have not become incapable of surviving on an equal footing with wild
fish, then it cannot be expected that the ranched salmon of the Pacific would
have lost their natural rearing ability.

Conclusions

The small number of actual published studies of salmon juvenile behaviour (as
opposed to reviews that cite them) does not really provide enough evidence to
make a judgement one way or another as to the effect of hatchery rearing on the
behaviour of subsequent generations. Contrary to the claim by some reviewers,
there is not enough evidence to say that hatcheries cause a long term behavioural
change in salmon stocks.

What would be required to prove conclusively whether there is genetic change
from hatchery rearing? The papers discussed in this essay have made a valiant
effort to detect differences, but several factors may make the task near
impossible. 

One consideration is that the simple act of culturing an organism under
controlled conditions does not necessarily lead to domestication. Witness that
only a handful of large mammals have been domesticated by humans despite
thousands of years of concerted efforts to domesticate other species (Diamond
1997). If we consider domestication to be the dependence of an animal on man-
made conditions for survival, rather than the flexibility of the animal to tolerate
man-made conditions, then domestication is an extremely rare, and perhaps non-
existent, phenomenon. 

Another consideration is that observed behavioural differences do not
necessarily represent different genotypes:
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"A special caution is necessary when behavioral studies are
undertaken…. Behavior can change as a result of experience,
ontogeny, or the particular circumstances in which the animal
finds itself. Some of these changes may be permanent; others
may be reversible."(Noakes and Baylis 1990)

A built-in plasticity of behavioural responses is required in all species to meet
changing environmental conditions. In addition to great plasticity in individual
response, there can be changes in innate behaviour patterns (evolution) without
requiring irreversible genetic change. It has been suggested that genetic change
leading to a difference of one standard deviation in a characteristic takes at least
25 generations (Kingsolver and al. 2001), which is longer than any salmon
species has been cultured to date.

Conflicting results as to whether 'hatchery' fish are more aggressive or less
aggressive, plus the large intra-group variation and small inter-group differences
indicate that there is no basic phenomenon at work leading to irreversible
change in the behaviour of hatchery-origin fish compared to their wild
counterparts.
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Throughout the Pacific Northwest of the United States “supplementation”
hatchery strategies are being employed in attempts to rebuild native stocks and
also augment fisheries.  Successful supplementation relies on improving the post
release survival of hatchery salmon while reducing potential negative genetic
and ecological impacts on wild fish.  Although in practice definitions vary, a
supplementation hatchery may be defined as a rearing facility to breed and
propagate a stock of fish with genetic resources equivalent to the native stock,
and with the full ability to return to reproduce naturally in its native habitat
(Flagg and Nash 1999).  These projects generally utilize production hatchery
rearing methods with juvenile releases occurring at acclimation sites to provide
homing to target areas. In some programs no returning adults are taken in to the
hatchery as broodstock for subsequent generations but rather allowed to spawn
naturally in the wild to minimize adverse genetic impacts.  

Supplementation hatcheries have the potential benefits of reducing short-term
risk of extinction, speeding recovery, reseeding vacant habitat, and increasing
harvest opportunity.  However, much controversy and uncertainty surrounds the
use of these  “experimental” facilities and, to date, little information is available

mailto:don.larsen@noaa.gov
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regarding the performance of supplemented fish and their progeny in the natural
environment. 

The Yakima River Spring Chinook Salmon Supplementation Project in
Washington State is currently the most extensive test of supplementation
hatchery principles. Over the past four years we have conducted research to
characterize the physiology and development of naturally-reared wild and
hatchery-reared spring chinook salmon (Oncorhynchus tshawytscha) in the
Yakima River Basin.  Fish were sampled at the main hatchery in the town of Cle
Elum, at remote acclimation sites, and at downstream dams during spring smolt
migration.  During these studies the maturational state of all fish was
characterized using visual and histological analysis, measurement of plasma 11-
ketotestosterone levels, and gonadosomatic index.  These analyses revealed that
approximately 50% of the hatchery-reared males from this program were
undergoing precocious maturation at 1+ years of age and the majority of these
fish, but not all, were residualizing in the upper Yakima River basin throughout
the summer.  

Many species of male salmonids display phenotypic plasticity in their age of
sexual maturation. Two age classes of precocious males exist in spring (stream-
type) chinook salmon:  sub-yearling (0-age precocious parr) and yearling (1+
year-old parr, also commonly referred to as “minijacks”).  The incidence of
precocious maturation in naturally rearing stocks of spring chinook salmon is
poorly characterized, but believed to be less than 5% (Gebhards 1960).  Age of
maturation in salmon is influenced by genetic, biotic, and abiotic factors (Power
1986) including energy stores (whole body lipid), size and/or growth rate at
specific times of year (Silverstein et al. 1998; Shearer and Swanson 2000).
Studies in spring chinook salmon have shown that male maturation is
physiologically initiated in the fall, approximately 10 months prior to autumn
maturation (Silverstein et al. 1998; Shearer and Swanson, 2000).  In
precociously developing males external characteristics of maturation (olive
pigmentation, deep body shape, and dark fin margins) as well as very large
white gonads typical of the later stages of maturation may not be evident until
mid-summer prior to autumn spawning.  These more obvious signs of early
maturity often escape detection since most spring chinook hatcheries release fish
in March and April, which may explain, in part, why this issue has historically
received only modest attention.

Precocious maturation represents a natural life-history strategy for the Yakima
and other spring chinook populations, but the hatchery environment may be
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potentiating this developmental pathway beyond natural levels.  Alterations in
the normal life-history composition of salmon populations are undesirable in
supplementation as well as production hatcheries.  An uncharacteristically high
incidence of precocious male maturation may result in loss of potential returning
anadromous adults, biasing of male/female sex ratios, and negative genetic and
ecological impacts on wild populations and other native species.  These impacts
may include increased straying, predation, and competition with native fish
species and other stocks for limited resources and habitat. 

In recent laboratory studies we, and others, have found that modulation of
growth rate at specific times of the year can reduce the incidence of precocious
maturation.  This talk will close by describing growth rate modulation studies
currently being conducted at the Yakima  River Cle Elum Hatchery to
potentially reduce early male maturation to levels similar to their wild cohorts.  
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Introduction 
 
Many experiments with fish larvae are carried out in laboratory tanks or 
enclosures using laboratory-reared larvae.  Yet, reared larvae can differ in 
morphology, histology, physiology and behavior from wild-caught specimens 
(Ferron and Leggett, 1994; Sundell et al., 1998; Boglione et al., 2001).  To 
examine potential behavioral differences between reared and wild red drum 
larvae and to validate behavioral experiments that use reared red drum, we 
conducted behavioral experiments with lab-reared and wild-caught red drum 
larvae.  Specifically, we asked the question: do reared red drum larvae have 
similar behavioral performance as wild larvae?   
 
Methods 
 
Experiments were conducted on laboratory-reared and wild-caught red drum 
(Sciaenops ocellatus) larvae representing three size classes (8-, 13-, and 27-mm 
TL).  Lab-reared larvae were hatched and reared in conical 150-L tanks and 
wild-caught red drum larvae were collected from seagrass meadows in the 
Aransas Estuary, Texas.  Three behavioral tests were performed: routine 
swimming, acoustic startle response, and visual startle response.  Routine 
swimming was measured as normal swimming activity prior to eliciting startle 
responses.  Acoustically-mediated startle responses were stimulated with a 500-
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Hz tone.  Visually-mediated startle responses were stimulated by a black oval (1 
x 1.5 cm, long axis-vertical) on a white card (10 x 15 cm) at the end of a 
pendulum as it accelerated toward the larva.  The oval was meant to mimic the 
frontal silhouette of an attacking piscine predator.   
 
Behaviors were recorded on videotape and quantified through frame-by-frame 
analysis and means calculated from five replicates per larvae.  Startle responses 
were scored as 0 (no response), 1 (response distance < one body length), or 2 
(larger response).  ANOVA, with size class and source of larvae (reared or wild) 
as main effects, was used to test for overall ontogenetic differences and 
differences between wild and reared larvae.  Fisher’s protected LSD tests were 
used to make separate planned comparisons between reared and wild larvae at 
each size.  T-tests were used to make comparisons between acoustically- and 
visually-mediated response characteristics within each combination of size and 
source of larvae.   
 
Results 
 
Mean routine swimming speeds of wild and reared larvae were not significantly 
different at 8- and 13-mm TL, but 27-mm wild larvae exhibited lower speeds 
than reared larvae (P < 0.001).  In acoustic response tests of all three sizes, mean 
response scores were higher in wild larvae than reared larvae (P < 0.01), with 
response score varying among size classes in both groups (P < 0.001; Fig. 1a).  
Wild larvae that were 8 mm TL had a higher mean response score in visual tests 
than reared larvae of similar size (P < 0.001, Fig. 1a).  In contrast, 27-mm reared 
larvae had higher visually-mediated response scores than similarly sized wild 
larvae (P < 0.01).  For each size, mean time to response was significantly greater 
for reared larvae than wild larvae in acoustic tests (P <  0.01; Fig. 1b).   
 
In both acoustically- and visually-mediated startle responses of reared and wild 
larvae, response speeds and distances varied among sizes (P < 0.001), while 
response durations remained relatively constant (Fig. 2a-c), although visually-
mediated response duration was lower for the largest reared larvae than it was 
for smaller reared larvae (P < 0.001).  Visually-mediated response distances 
were of greater magnitude than acoustically-mediated responses (P < 0.001).  
The greater distances were covered over longer periods so that response speeds 
were similar in both tests.  In acoustic tests, 8-mm wild larvae had higher 
response speeds than reared larvae (P = 0.001) and 27-mm reared larvae had 
higher response distances, durations, and speeds than wild larvae (P < 0.05, Fig. 
2a-c).  In visual tests, 8- and 13-mm reared larvae had significantly higher 
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response distances and durations than wild larvae (P < 0.001), and 13-mm reared 
larvae had higher response speeds than wild larvae (P = 0.014). 

Figure 1.  Relationships between mean (± S.E.) startle response (a) score and (b) 
time to response and larva total length in wild-caught (○) and hatchery-reared 
(●) red drum larvae when larvae were exposed to an acoustic (left side) or visual 
(right side) stimulus.  Asterisks represent significant differences between wild 
and reared larvae at a particular size (* P < 0.05, ** P < 0.01, *** P < 0.001).  
Data points for wild and reared larvae are slightly offset laterally for clarity. 
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Conclusions 
 
Our results suggest that some measures of behavioral performance in reared fish 
may accurately reflect capabilities of wild red drum (in particular, routine 
swimming speed of 8- and 13-mm larvae, time to response for a visual stimulus, 
and perhaps acoustically- and visually-mediated startle response speed).  Values 
for other variables, including, acoustically- or visually-mediated responsiveness, 
time to response for acoustic stimuli, and acoustically- or visually-mediated 
response distance and duration, obtained from reared fish, overestimate or 
underestimate the performance of wild larvae.  Differences in responsiveness to 
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threatening stimuli suggest that reared larvae may be more susceptible to 
predation than wild larvae.  Observations of responses during actual predator  
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Figure 2.  Relationships between mean (± S.E.) startle response (a) distance, (b) 
duration, and (c) speed and larva total length in wild-caught (○) and hatchery-
reared (●) red drum larvae when larvae were exposed to an acoustic (left side) or 
visual (right side) stimulus.  Asterisks represent significant differences between 
wild and reared larvae at a particular size class (* P < 0.05, ** P < 0.01, *** P < 
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0.001).  Data points for wild and reared larvae are slightly offset laterally for 
clarity. 
 
attacks on red drum larvae are needed to determine which aspects of startle 
response behavior are most important in predator evasion, as has been done for 
Atlantic herring (Fuiman, 1993).  Predator avoidance behavior in fishes is 
probably developed during early life experiences and hatchery rearing may 
inhibit its full development.  This becomes a concern when reared fish are used 
to artificially enhance natural stocks, as is done with red drum (McEachron et 
al., 1998).   
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Hatchery culture of salmonids has become a standard in aquaculture and wild
population restoration and enhancement. Because of frequent interactions
between wild and hatchery-reared salmonids, domestication selection is
potentially a serious problem and the physiological and selective mechanisms
underlying domesticated behavior deserve close attention. We hypothesize that
domesticated behavior in salmonids is caused by selection for elevated
metabolic rates in the hatchery environment. Fish with an innate tendency for a
higher metabolic rate (MR) may be favored in hatcheries because they develop
faster, start exogenous feeding earlier, and are more aggressive competitors for
food. A prerequisite for selection of high metabolic rate is that natural variation
for relatively high or low metabolic rate exists and that this tendency is
heritable. Although MR in fish varies greatly with temperature, body weight, life
stage, and even time-of-day, there is inter-individual, probably persistent,
variation in MR under identical environmental conditions (Metcalfe et al., 1995;
Cutts et al., 1999). Egg development of individuals with a high MR has been
shown to be accelerated. (Metcalfe et al., 1995; Cutts et al., 1999) and
individuals with a higher MR are more aggressive and dominate over low MR
individuals (Metcalfe et al., 1995; Yamamoto et al., 1998; Cutts et al., 1999).
Growth rate of the otolith in larval fish is a function of basal MR rather than
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somatic growth rate (Wright, 1991). In salmon from different populations raised
under identical conditions, otolith size variation should reflect differences in MR
at a given life stage.  Similarly, although there is extensive variation in
metabolic enzyme activity, often resulting from environmental effects or body-
size scaling, the potential exists for heritable variation in enzyme function
(Leonard and McCormick, 2001).  

In this study, we examined commonly reared larvae from hatchery-maintained
and wild lake trout (Salvelinus namaycush)  from the same genetic origin
(Marquette Harbor, MI) for differences in metabolic parameters.  We also
examined hybrid larvae produced by crossing wild females with hatchery males.
For these hybrid crosses, wild females were selected that had also been spawned
in wild pairs (i.e. clutches in both the hybrid and wild groups were produced
using the same mothers).  Spawnings were conducted from mid-October to early
November 2001.  Fertilized eggs (and larvae) from each adult crossing were
maintained separately throughout the study under constant 12oC conditions.
Three months after fertilization, larvae were sampled; larvae were pre-swim-up,
yolk-sac stage.  

At sampling, individuals for otolith microstructure analysis were weighed and
the sagittal otoliths were removed. The left otolith was fixed to a glass slide,
ground in the sagittal plane and polished using lapping film of 12, 6, and 3 µ
grain size. Digital microphotographs were taken with a microscope-mounted
camera and the files analyzed with imaging software (NIH image). Two
measurements were taken in the posterior quadrant of each otolith: a) the
distance between the nearest nucleus and the posterior edge on a line transecting
all central nuclei and b) mean width of ten daily increments just inside of an
otolith check that was thermally induced by subjecting the alevins to lower
temperature water (6°C) on January 2-4 and 7-8.  Otoliths are still being
processed and analyzed at this writing, but data from this portion of the study
will be presented during the conference.

Individuals for enzyme analysis were immediately frozen at –70oC.   Citrate
synthase (CS), lactate dehydrogenase (LDH), pyruvate kinase (PK) and malate
dehydrogenase (MDH) activities were assessed on whole body homogenates of
individual fish.  All enzymes were analyzed at 25oC on the same homogenate
using a microplate spectrophotometer (for further details on enzyme protocols
and assays used, see Leonard and McCormick, 2001).  Data were assessed for
the effect of parental origin (wild, hatchery or wild-hatchery hybrid) and for
maternal effects (i.e. inherited effects based on mother).
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For the enzyme data, we found no significant effect of parental origin using
either multivariate of univariate ANOVA techniques (Fig 1; ANOVAs p>0.09;
MANOVA (Wilks) p=0.29).   To analyze the potential effects of maternal
contribution to MR, we only assessed the hybrid and wild offspring (there were
no matching mothers in the hatchery crosses).  Using these two groups and
MANOVA, we found a significant maternal effect (p=0.03), but no effect
(p=0.52) of overall parental group (hybrid or wild).  Using single enzyme
ANOVA, we demonstrated a maternal effect on CS (p=0.02), LDH (p=0.01).
The maternal effect on PK was marginally significant (ANOVA p=0.05;
MANOVA p=0.18).  Although there is variation in the post hoc comparisons
(using least significant difference testing), typically a mother produced offspring
with either consistently high, low or moderate enzyme activities (Fig. 2).  For
example, offspring of females 6 and 7, regardless of paternity (hatchery or wild),
typically demonstrated significantly elevated enzyme levels, while offspring of
females 2 and 5 were usually significantly lower in relative enzyme
activity.
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Figure 1. Comparison of the activity of four enzymes from whole body
preparations of larval lake trout from groups of wild (W), hatchery-wild hybrid
(H) and hatchery (cultured, C) parental origin.  Bars are mean ± standard error.
None of the within enzyme comparisons are significant.
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Figure 2. Comparison of the effects of mother on enzyme activity.  Females
were arbitrarily assigned a number, but numbers are constant between panels.
Bars are mean ± standard error.  CS and LDH showed a significant difference in
activities of offspring of different mothers and PK was marginally significant.
For simplicity, results of post-hoc testing are not shown; however, in CS, LDH
and PK, offspring of female 6 always had higher activities than offspring of
females 2 and 5.

Although our results are still preliminary and we will offer an expanded data set
in our presentation, our initial results are intriguing.  We were not able to show a
significant effect of parental origin on metabolic enzyme activity in lake trout;
however, we were able to demonstrate the heritable nature of these parameters
based on offspring of particular (female) individuals.  This suggests that,
although we did not see an effect of hatchery selection in this study, the initial
prerequisite of genetic variation of metabolically important characters within
strains does exist and warrants further investigation.
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Abstract 
 
Early juveniles of Colossoma macropomum were reared at two stocking 
densities (1 and 3 fish/m2) for six months. Blood samples were monthly 
removed for hematological (red and white series), glucose, total protein and 
ions (Na+, K+, Cl-) determinations. The lowest growth rate appeared in fish at 
the highest density. However, there were no significant differences in feed 
conversion ratio (FCR) to 1 fish/m2 (0.89) and 3 fish/m2 (0.83). Hematocrit and 
hemoglobin concentrations of fish at high stocking density were higher when 
compared to low stocking density. Leukocytes, glucose, ions and total proteins 
showed similar responses to both treatments. The results suggest that the 
density of 3 fish/m2 may be considered adequate for fish culture in ponds until 
the sixth month.  

 
Introduction 

 
Aquaculture is a recent activity in the Amazonian region, and is not yet showing 
a high enough yield for offsetting the decreasing of natural stocks due to the 
increasing demand from big cities (Graef, 1995). Several regional fish species 
have demonstrated an excellent potential for being cultured and used for food 
production, however, the lack of proper technology and scientific information 
has been a great obstacle for culture success. 
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In countries where fish culture is highly developed, the knowledge about fish 
physiology has been a helpful tool for proper culture development (Wedemeyer, 
1996).) Stress is inevitable in intensive culture systems since animals are 
subjected to several handling procedures and environmental changes that may 
influence or have negative effects on reproduction, growing rate and susceptibility 
to diseases (Pickering, 1993). Beside that, the knowledge on monitoring 
procedures is lacking in the region.  
 
Colossoma macropomum presents excellent characteristics for aquaculture, in 
addition to the large number of studies that are available from experiments that 
have been carried out in the past 10 years (Val & Honczaryk, 1995). C. 
macropomum is a Characiforme of the Serrasalmidae family, and is widespread 
throughout the Amazonian basin and Rio Orinoco.  
 
Our objective was to evaluate the effects of stocking density on tambaqui 
physiological response during six months.  
 
Material and Methods 
 
Tambaqui specimens (5.1-10.5 g) were obtained from the fish culture station at 
Balbina Dam, Amazonas State Brazil. Fishes were hauled to the Aquaculture 
Department at INPA and kept in 50 m2 ponds for about 3 weeks. Following this 
period, the specimens were stocked at a ratio of 1 and 3 fish/m2, with two 
replicates for each treatment. Fish were fed twice a day with commercial ration 
containing 36% of crude protein.  
 
Three 50 m2 brick-built ponds were separated in two halves by a polyethylene 
screen. The ponds were marked A1 B1, A2 B2, and A3 B3. After the biometry of 
fish, 25 and 75 fish were placed in each side of the ponds marked A and B, 
respectively. 
 
Dissolved oxygen, pH, temperature, electrical conductivity, total ammonia and 
nitrite, were monitored weekly before starting and during the whole 
experimental process. Temperature, pH, conductivity and dissolved oxygen 
were determined using electrodes. Total ammonia and nitrite concentrations 
were determined following Golterman et al., (1978) modified for flow injection 
analysis (FIA).  
 
Blood samples and biometry from eight fish from each stocking density 
replicate, were taken monthly. Before having their blood collected, the fish were 
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anaesthetized in a 0.01% 2-phenoxyethanol solution. Then, blood samples were 
drawn from the caudal vein into heparinized syringes, and immediately stored in 
ice until all analyses were made. Blood smears were made for identifying and 
quantifying leukocytes directly from the withdrawn blood, air-dried and stained 
with May Grünmwald-Giemsa. Hematocrit (Ht) was determined by micro-
hematocrit centrifugation technique. The red blood cell count (RBC) was 
determined with a Neubauer chamber. Hemoglobin concentration (Hb) was 
measured by spectrophotometry with Drabkin’s reagent. Mean corpuscular 
volume (MCV), mean corpuscular hemoglobin (MCH) and mean corpuscular 
hemoglobin concentration (MCHC) were determined from Ht, [Hb] and RBC 
values. Following blood centrifugation, plasma was used for determining the 
glucose through the enzymatic-colorimetric method (GOD-POD), and total 
protein was determined by the modified biurete method and ions concentrations 
Na++, K+, Cl- were analyzed by flame photometer and spectrophotometer. Feed 
conversion ratio (FCR) was determined using the formula: FCR= feed amount 
(g)/weight gain (g). 
 
Comparisons between 1 fish/m2 and 3 fish/m2 groups, and within the same 
group, were made with the Mann-Whitney non-parametric test. Differences 
were considered to be significant at p<0.05.  
 
Results and Discussion 
 
Water quality in every pond, during the whole rearing period, is shown in Table 
1. None of the analyzed parameters showed any statistical difference between 
the different ponds, and were within the limits reported for this species (Rantin 
& Kalinin, 1996; Affonso 1999; Sundin et al., 2000).  
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Table 1. Dissolved oxygen (O2), temperature (oC), pH, electrical conductivity, 
total ammonia and nitrite of the ponds with 1 fish/m2 (A) and 3 
fish/m2 (B). Mean ± SEM. 

 
 

Water 
Quality 

 
Ponds 

Sampling  
    

    1a             2a           3a            4a          5a           6a 
 

 O2
 (mg/L) 

A 
B 

12±0.8 
12±0.8 

6.5±1.2 
6.3±1.2 

9.5±1.4* 
9.3±1.4 

14.9±0.6 
14.9±0.6 

8.8±1.2 
8.7±1.3 

9.6±0.9 
9.5±0.9 

T (oC) A 
B 

31.7±0.6 
31.8±0.5 

27.6±0.2 
27.7±0.2 

29.4±0.2 
29.4±0.2 

30.5±0.4 
30.6±0.4 

31±0.8 
31±0.7 

32±0.9 
32±0.9 

pH A 
B 

6.8±0.2 
6.8±0.1 

7.2±0.1 
7.2±0.1 

6.0±0.2* 
6.0±0.2 

9.4±0.1 
9.4±0.1 

6.9±0.1 
7.0±0.1 

7.8±0.5 
7.8±0.5 

Condutivity 

(µS/cm) 

A 
B 

57.4±4.3 
54.4±3.4 

75.2±2.2 
75.2±2.2 

73.6±2.2 
73.0±2.0 

76.2±3.0 
75.5±2.7.

71±4.4 
66±3.6 

63±4.1 
63±4.3 

Ammonia 

(mg/L) 

A 
B 

0.5±0.01
0.4±0.0 

0.01±0.0 
0.2±0.1 

0.2±0.02
0.2±0.03 

0.4±0.1 
0.4±0.1. 

0.2±0.0
0.3±0.0 

0.4±0.0 
0.4±0.0 

Nitrite 

(mg/L) 

A 
B 

0.002±0 
0.01±0.0 

0.01±0.0 
0.2±0.1 

0.3±0.1 
0.26±0.1 

0.2±0.1 
0.1±0.1. 

0.1±0.0 
0.1±0.0 

0.1±0.0 
0.1±0.0 

 
The effect of density on growth is shown in figure 1. Fish at lower density 
presented significantly higher length and weight values (p<0.0001). However, 
there were no significant differences in feed conversion ratio (FCR) between 1 
fish/m2 (0.89) and 3 fish/m2 (0,83). No fish mortality was detected in any of the 
test ponds, during the whole rearing period. 
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Figure 1. Growth of Colossoma macropomum at the start and during the whole 

study period. A = 1 fish/m2 ( ) and B = 3 fish/m2 ( ). * Indicates 
significant difference (p<0.0001). Mean ± SEM.  

 
Hematological parameters: Ht, [Hb], RBC, VCM, HCM and CHCM, are shown 
in figure 2. Significant increase (p<0.05) was observed on Ht values, in the first 
three testing months, and on [Hb] values in the 4th month, on individuals in 
pond B (3 fish/m2). The highest density fish, in the 1st month of culture, 
presented a significant increase (p<0.05) on CHCM. For the other parameters, 
the alterations on fish in pond B remained practically the same as in pond A. 
Although all hematological parameters (red series), had presented a similar 
profile for both treatments during the six months of sampling, the Ht increase in 
the first three months may point out a physiological response to the highest 
density.  
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Figure 2. Hematocrit (Ht), erythrocytes (RBC), hemoglobin concentration ([Hb]), 

mean corpuscular volume (MCV), mean corpuscular hemoglobin 
(MCH) and mean corpuscular hemoglobin concentration (MCHC) of 
Colossoma macropomum with 1 fish/m2 (A) and 3 fish/m2 (B). * 
Indicates significant difference (p<0.05). Mean ± SEM; n=24.  

 
Leukocytes are also good fish physiological stress indicators (Heath, 1995; 
Tillmann & Biron, 2000; Svobodová et al., 2001). The differential leukocyte 
counts, demonstrated significant differences (p<0.05) for the lymphocytes and 
eosinophils of the fish in pond A, both on the third month of culture (Table 2). 
Lymphocytes were the most abundant leukocyte type for tambaqui. Eosinophil 
count demonstrated that this is a common cell type in tambaqui. That 
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corroborates the findings obtained by Moura et al. (1997) for the same species. 
Therefore, these results show that the stress caused by the higher stocking 
density was not enough for stimulating the fish immune system. 
 
Table 2. Differential blood leukocyte counts (%) of Colossoma macropomum at 

different stocking densities for six testing months. A= 1 fish/m2 and B= 
3 fish/m2. Mean ± SEM; n=24. * Significant differences (P<0.05)  

 
 
Leukocytes 

 
Ponds 

Sampling  
    

    1a             2a           3a            4a          5a           6a 
Lymphocytes A 

B 
94±1.7 
97±1.3 

94±1.4
95±0.7

97±0.5* 
94±0.8 

95±0.6
96±0.6

93±1 
93±1 

95.±0.6 
89±2.1 

Monocytes A 
B 

1.9±0.8 
1.9±0.0 

1.6±0.2 
1.2±0.1

1.0±0.0 
1.2±0.2 

1.1±0.1 
1.0±0.0

1.3±0.2 
1.2±0.2

1.5±0.5 
0.9±0.0 

Eosinophils A 
B 

4.5±0.8 
1.5±0.5 

5.1±1.1 
3.7±0.6

2.4±0.3* 
4.3±0.6 

4±0.5 
3±0.4 

5±1.1 
5±0.9 

3.6±0.4 
6.9±1.5 

Neutrophils  A 
B 

1.8±0.3 
1.5±0.5 

3.8±0.8 
1.7±0.3

1.7±0.4 
2.0±0.5 

2±0.2 
2±0.0.

2±0.3 
2±0.4 

2.6±0.5 
4.2±1.1 

 

Ion regulation, as indicated by the values of K+, Na+ and Cl (Fig. 3A,B,C) and 
total proteins (Fig. 3D), were not affected by different stocking densities. These 
parameters had no significant difference during the whole study period for both 
treatments. In spite of the glucose levels had been significantly 
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Figure 3. Potassium (A), sodium (B) chloride (C), total protein (D) and glucose 

(E) plasma concentrations of C. macropomum kept for six months in 
ponds with 1 fish/m2 (A) and 3 fish/m2 (B). * Indicates significant 
difference (p<0,05). Mean ± SEM; n = 24.  

 
higher (p<0,05) on pond B fish, until the 2nd sampling month, a pronounced 
hyperglycemia was observed after the 5th culture month in both treatments (Fig. 
3E). Hyperglycemia has been an important indicator of the production of stress 
hormones, such as cortisol and adrenaline, in fish under culture (Gustavenson et 
al., 1991). Only the execution of cortisol analysis in plasma samples of the 
animals from ponds A and B will be able to confirm whether the increase of 
glucose is a consequence from the increase on hormone levels in the plasma. 
However, it is possible to suggest that the increase on the demand of fish 
energy, in both treatments, was not a specific response to the stress produced by 
stocking density.   
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In conclusion, the similarity of the physiological profile and FCR of tambaqui 
in both treatments suggests that the density of 3 fish/m2 may be considered to 
be appropriate for culture in ponds up to the sixth month.  
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Abstract

A variety of physiological conditions of hatchery and wild coho salmon
measured at the time of smolting in freshwater were compared to the same
conditions measured after the fish had been rearing in the ocean for 2-6 months.
The major differences between wild and hatchery fish in freshwater were in the
size of the fish and the amount of fat in the mesentery and liver. These
differences had disappeared after a short period of rearing in the ocean. It is
concluded that the differences were caused by differences in diet and did not
cause long-lasting changes once the fish were eating the same diets in the ocean.

Introduction

The purpose of this study was to determine the difference in some physiological
and anatomical parameters between groups of coho salmon (Oncorhynchus
kisutch) that had spent their first year of life either in a hatchery or in the wild. 
Morphological differences have been recorded between wild and hatchery fish
in freshwater, but it was not known whether this difference persists once the fish
migrate to the marine environment. 

Study Location

Freshwater hatchery and wild coho were collected from the Chilliwack River
Hatchery and nearby Angel Wing side channel in May, 2000 and 2001, and
from the Tenderfoot Creek Hatchery on the Cheakamus River and from the river
nearby in May 2001. The Ocean samples were collected during cruises of the
W.E. Ricker research vessel in Georgia Strait (July, 2000) and in Juan de Fuca
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Strait and Swiftsure Bank off the west coast of Vancouver Island (October,
2001).

Location codes on all illustrations are: F= freshwater, O= ocean, H= hatchery
origin, W= wild origin, Cwk= Chilliwack stock, TF= Tenderfoot stock, GS=
Georgia Strait, JdF= Juan de Fuca Strait, CA= Canadian waters, US= USA
waters, Swft= Swiftsure Bank (open ocean west of Vancouver Island), 00 or 01=
year sample was taken.

Figure 1.  Map of sampling locations

Methods

The freshwater samples were euthanized with an overdose TMS anaesthetic.
The ocean fish were already dead when they were taken from the trawl net. All
fish were sampled within 10-30 min of death. The autopsy procedure of Goede
and Barton (1990) was used with some modifications. Parameters recorded
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included (with possible interpretations):

Eyes: exopthalmia, hemorrhaging, missing 
(possible disease or poor rearing environment)

Gills: clubbing, fraying, color
(water quality or blood circulation problems)

Fins: erosion, hemorrhage
(rearing space or crowding problems)

Operculae: shortening, condition
(poor blood circulation or abrasion)

Pseudobranchs: swelling, color
(oxygen limitation or carbon dioxide toxicity)

Mesenteric fat: degree of cecae covered
(quantity and type of food)

Spleen: color (black, red), granular, swelling
(hemoglobin synthesis and blood storage)

Kidney: swelling, mottling, color
(excretory, ion-regulation or disease problems)

Liver: color (red, pale, coffee), nodules, 
(protein metabolism, toxin removal, fat storage)

Hindgut: degree of inflammation
(bacterial irritation, feeding status)

Gall Bladder: bile color (pale yellow to dark green)
(feeding frequency, nutritional status)

Length and Weight: fork length, total wet weight
(growth rate, life history stage)

Condition Factor (Kfl): ratio of weight to cube of fork length
(stock specific factor influenced by feeding)

Hematocrit: percent red blood cells in blood volume
(index of oxygen availability, stress or disease)

Plasma Protein: measured with a refractometer
(disease, starvation or kidney malfunction)

Blood Glucose: measured with a glucometer
(energy mobilization and stress)

Results

Of the many parameters measured, the main differences were seen in the size of
the fish, the amount of mesenteric fat, and the coloration of the liver. These



differences were only significant in the freshwater samples, and had disappeared
after a month of rearing in the ocean.

Fish Size

The hatchery fish were larger than the wild fish in freshwater, but were of
comparable size in the same locations in the ocean. The mean fish size was
about 100% larger between release in May and first capture in July, and another
50% larger by October.
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collected at various locations during study.
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Mesenteric Fat

The Chilliwack River Hatchery fish in freshwater were much fattier (with the
numeric mean of the category ratings, or mesenteric fat index [MSI] = 2.1) than
the wild fish (MSI = 0.0), but the Tenderfoot Hatchery fish were not. In the
ocean, all groups had a fat index of about 1.22.
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Figure 4
. Amount of mesenteric fat found in study fish. Level 1= no
fat, level 2 and 3 are intermediate, level 4= fat completely
covers pyloric cecae.
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Liver

Liver color was found to be 'coffee with cream' (Goede Index C, indicating high
fat content), in a substantial proportion of the Chilliwack Hatchery fish but not
the Tenderfoot Hatchery or wild freshwater fish.  Some of the ocean fish groups
also showed a proportion of fatty livers.

Conclusions 
The major observable differences between the hatchery and wild fish in
freshwater were no longer a factor after only a short period spent in the ocean.
The difference in size, liver colour and fat content in the hatchery and wild
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Figure 5. Liver color in coho salmon collected at various
locations. A= dark red,  B= light red, C= coffee adn
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freshwater fish are likely related to diet. Therefore, these characteristics
dissipate once the fish reach the ocean and have similar diets.
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Introduction

A contributing factor to the current decline in wild salmon stocks in the Bay of
Fundy may be the growing numbers of aquaculture escapees interacting with
wild stocks. The possible mandate for obligatory use of sterile salmon in the
aquaculture industry relies on their reduced negative effects, both genetically
and behaviorally, on dwindling wild populations in the event of accidental
escapement. Juvenile aquaculture salmon are found in rivers via escapement
from freshwater hatcheries or as a result of successful spawning from mature
aquaculture escapees. The stocking of sterile salmon, such as triploids, would
eliminate the possibility of genetic interactions but the potential for behavioral
interactions have yet to be investigated. In addition to possibly addressing
environmental concerns, sterile salmon have considerable potential in
aquaculture. Their growth is entirely somatic therefore energy is not diverted
from muscle growth to gonadal development and as a result flesh quality does
not deteriorate. Sterile salmon can consequently be marketed at a later time and
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larger size whereas their diploid counterpart must be harvested prior to sexual
maturation. 

Induction of triploidy is the most effective method of sterilization. In diploid
fish, cells contains two sets of chromosomes whereas triploids retain one extra
set of chromosomes found in the polar body of the egg which inherently renders
the fish sterile (Cotter et al., 2000). Triploid fish differ from their diploids in
three ways; they are more heterozygous, they have larger and fewer cells, and
the gonad development is altered (Benfey, 1996). It has been reported that
triploids are less aggressive than diploids, which would be a key factor in
establishing dominance in feeding territories in competition situations (Cotter et
al., 2000). This reduced competitiveness can result in their inability to acquire a
feeding territory and subsequently result in forced emigration downstream to
less-optimal feeding grounds and possible starvation (Cutts et al., 1999). 

Project Description

In this study, behavioral interactions between juvenile diploid and triploid
salmon will be examined in semi-natural tanks. An extensive and unique
experimental set-up has been established at the Mactaquac Biodiversity Facility
(Dept. of Fisheries and Oceans) as part of this project. The four tanks (6.1m long
x 1m high x 1m) are subdivided lengthwise with a solid divider and each
channel has gravel substrate and a downstream emigration trap (refer to
Appendix A). The viewing windows are covered as to not disturb the fish. The
tanks receive approximately 946 L/min with temperatures varying between 9° C
and 16°C depending on which water source is used (ie. river or well water).
Water velocities in the channels can be adjusted to vary between 10-30 cm/sec.
Belt feeders are set-up at the head of the channel and will dispense food at dawn
and dusk to mimic peak feeding times in the wild. The experimental set-up is
very versatile as to accommodate different behavioral studies and increase
partnership opportunities with DFO and the university.

The first part of the project is a growth study, which will determine if Saint John
River diploids out compete same size triploids for food. This study will be
restricted to similar sized individuals to evaluate interploidy differences since
larger size has been demonstrated to supersede interspecific competition as a
determinant for competitive advantage. The juveniles will inherently compete
for the territory with optimal feeding. Feeding success will be monitored using
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individual specific growth rates (growth rate over time) (Underwood, 1997). In
conjunction with the growth study, differences in emigration rate between
triploids and diploids from the main channel to the trap will be examined (see
figure 1). The trap will remain closed for 5 days to allow for the fish to
acclimate to the tanks and begin establishing territories (Sosiak, 1978).  Once
the trap is open, the fish that cannot establish territories can pass over the spill-
gate into the emigration trap. 

The two groups,
diploids and triploids,
will be exposed to four
treatments each with
duplicates; (1) all
diploid control (2N), (2)
all triploid control (3N),
(3) 50% diploid and
50% triploid, and (4)
25% diploid and 75%
triploid. The trap will be
emptied daily and the
fish will be measured,
weighed and sexed.
Each trial will last two
weeks and naïve fish
will be used for each
subsequent trial. All fish
will be individually
marked with non-toxic
Visible Implant
Elastomers (VEI),
minuscule latex paint
injections inserted under
a thin layer of skin at
varying locations on the
fish (see figure 1).

Results will be presented from the completed trials and further description of the
experimental set-up will be provided. This study will provide new information

(a)

(b)

Figure 1- (a) picture of green VIE tag on left
pectoral and (b) tag under fluorescent light
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Side view

6.1m

1m

Overhead view

Inflow Outflow

Observation channel- 1.95 m

Observation channel- 1.95 m

Emigration traps–0.21m

1m

on triploid salmon behavior in semi-natural tanks, which will provide aid to
managers to make decisions on alternatives to diploid aquaculture stocking. 

Appendix A

Figure 1: Experimental set-up at the Mactaquac Biodiversity Facility (DFO): 
(a) Overview of tanks (b) juvenile salmon in channel and (c)

salmon going over spill-gate into emigration trap.

(c)

(b)

(a)
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