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Abstract

The Scottish brown trout (Salmo trutta L.) 1is identified as an

important resource which requires responsible and continual management.
This study was divided into two parts; an electrophoretic survey
of wild trout populations in Scotland, and a quantitative assessment
of the genetic component to growth rate in various stocks, grown

under hatchery and farm conditions.

Sixty wild populations were sampled by various methods. All fish
were typed using brain, eye, heart, liver and muscle tissue and
starch gel electrophoresis for thirty four enzyme loci, thirteen
of which were found to be polymorphic. Geﬁe diversity analysié
was conducted on the data collected, 33% of the diversity being
attributed to differences between populations, much of the variation
was thought to be due to founder effects. Evidence 1is presented
to support a hypothesis that the trout 1in Scotland are derived
from two main post glacial invasion stocks. Future management

strategies for wild stocks of Scottish brown trout are discussed.

Growth trials were conducted at Howietoun f£fish farm in order to
calculate heritability estimates for growth rate. Hierarchical
and factoral crossing schemes were employed, using broodstock £from
three stocks. Heritability estimates for growth rate were found
to be high and it was concluded, significant genetic gains could
be achieved if growth rate was the only trait of commercial interest

and truncated mass selection was adopted.



xix

Attempts were made to investigate the relationship between hetero-
zygosity and growth rate in the hatchery populations. It was concluded
that more data were required to make a meaningful assessment, but
from this study little evidence exists for a positive correlation

between het'erozygosity and growth rate.

Correlations between early life cycle stages and subsequent growth

are discussed.



CHAPTER 1



1. Introduction

What we know as the science of genetics is meant to explain two
apparently antithetical observations - that organisms resemble
their parents and differ from their parents. That is genetics
deals with both the problem of heredity and the problem of variation
(Lewontin, 1974). The existence of an all encompassing theory
concerning evolutionary and population genetics can only be possible
once enough emphasis i1s attached to the concept of variation.
Mendel recognised the importance of variation amongst offspring
of the various breeding experiments he conducted and instead of
taking an average description of those variations as being represent-
ative derived his all important laws ffom the very existence of

variation.

Mendelism and Darwinism both regard the fact of variation and its
nature as central and essential to their laws and theories. It
is not surprising, therefore, that the study of genetically determined
variation within and between species should be the starting point
of modern day population and evolutionary investigations (Lewontin,

1974).

The genotypic distribution in a population is subject to a complex
array of different factors that act separately and together to
increase, decrease or stabalise the amount of variation (Lewontin,

1974). .



Since the acceptance by geneticists that morphological/phenotypic
variation did exist, the arguments concerning how this variation
is maintained have raged ever since. Everyone concerned with
scientific studies of evolution recognised that natural selection,
a revolutionary concept developed by Darwin (1859), was the underlying

cause and maintainer of wvariation.

It is the role of natural selection that genticists cannot agree

on.

When Darwin formulated his theory the mechanism of dinheritance
and the nature of heritable variations were unknown and this prevented

him from being fully confident of the role of natural sglection.

By the end of the 19th century Mendelian principles had evolved
and following the important contributions made by Hardy (1908)
and Weinberg (1908), the consequences of Mendelian inheritance
were worked out by Fisher, Haldane and Wright. All three produced
various mathematical models and developed the stochastic theory
of population genetics. In 1930 Fisher published "Genetical Theory
of Natural Selection", in 1931 Wright published "Evolution in
Mendelian Populations" and in 1932 Haldane published "The Causes
of Evolution", These together represent the culmination of the
classical population genetics whereby the synthesis of Darwinism
and Mendelism was fully achieved. The orthodox view was that the
rate and direction of evolution was almost exclusively determined

by natural selection, with mutation, migration and random drift



playing no substantial roles.

In the USA the theory became known as the 'Synthetic Theory' of

evolution.

Fisher 1is thought by Kimura (1983) to be responsible for
the stagnation of innovative thought concerning the theory of

evolution, especially in England where panselectionism has dominated
for decades (Kimura, 1983). Throughout Fisher's writings he con-
stantly minimises the role plaved by random drift in evolution
and this Kimura suggests has discouraged English geneticists from

pursuing the topic.

Fisher (1922) purported to show that overdominant alleles were
actively maintained in a éopulation by natural selection. Selection
favoured the heterozygote and was a condition of stable equilibrium,
and both alleles would continue in the stock. This hypothesis
was to have profound influence on the later thinking of population

and evolutionary geneticists.

Wright (1932) developed a theory of evolution that was late} called
"the Shifting Balance Theory". This disagreed with Fisher's view
that migration and random drift play little or no role in the process
of evolution. Wright's theory consisted of three phases, and

concluded that a 1large subdivided population structure is most
favourable for rapid evolutionary progress, throughout the shifting

balance process.



The three phases were
1. Random Drift - extensive gene frequency drift occurs in local
populations due to accidents of sampling or to fluctuations

in the coefficients measuring various evolutionary processes.

2., Mass Selection --by chance a 1local population may cross one
of the innumerable 'two factor saddles' in the surface of fitness

values, leading to rapid genetic change in the local population.

3. Inter-population Selection - a population which came to a new
fitness peak superior to surrounding populations will expand

through inter-population selection.

Wright was misunderstood by following generations of geneticists.
Many thought he was attributing undue importancé to the process
of random drift, compared to the process of natural selection.
He was criticised by Fisher, and a fierce debate arose, and continues

to this day.

The issue is whether random drift has an important role to play
in evolution. Fisher and his followers were convinced that if
a population is made up of many individuals the chance effect due
to random sampling of gametes is negligible. Fisher (1953) also
regarded the existence of substantial neutral mutants in a population
to be impossible because he thought for most mutant alleles the

product of the population size and the selection coefficient was



unlikely to be restricted to the near zero in the course of evolution.
Kimura (1683) could not find any compelling evidence to suggest

the shifting balance theory was correct.

Upon the foundation. constructed by Fishgr, Haldane and Wright as
well as by Muller (1929), who in the early 1920's had discovered
the fundamental nature of gene mutation, various studies of natural
populations were conducted by Ddbzhansky (1937). Dobzhansky worked

on natural and captive populations of Drosophila pseudoobscura

and investigated chromosome polymorphisms, especially inversion
polymorphisms. Statistical analysis of his results indicated that
inversion heterozygotes had higher fitness values than inversion
homozygotes (Wright and Ddwhansky, 1946). Thus heterosis as it
was called led Ddwhansky ‘to hold the view that overdomit.lance of
heterozygote advantage at individual gene 1loci was prevalent in

other natural populations.

Dabzhansky's view coincided with that of Lerner (1954) who was putting
forward his theory of genetic homeostasis. According to Lerner,
Me ndelian populationé are possessed of self-equilibrating properties
tending to retain a genetic composition that produces maximum mean
fitness. He claimed that the most 1likely mechanism for this is
heterozygote advantage or heterosis, and for the -normal development
of the individual an obligate level of heterozygosity is needed.
Kimura (1983) quotes Lerner "not only gene contents, but homozygosity

as such must be considered to play a role in inbreeding degeneration."



Lerner (1954) emphasized the importance of epistatic interaction
in fitness being influenced by Wright's concept of evolution as
an irregular shifting state. of balance. This school of thinking
attached a paramount importance to the existence of heterozygosity

as the "adaptive norm".

Dozhansky (1955) condensed the thoughts of the current day geneticists
and divided them into two schools of thought. The two hypotheses

were called the classical and balance hypotheses.

Dobzhansky (1955) was regarded by Lerner as the direct protagonist
for the balance hypothesis which held that the adaptive norm is
an array of genotypes, heterozygous for a number of alleles. Homo-
zygotes for these alleles occur in normal outbred populations only
in a minority of individuals and tﬁey are inferior to hetérozygotes
in fitness. Natural selection plays a large role in maintaining
heterozygosity and selection pressure favours the development of

series of multiple alleles at many loci.

The <classical hypothesis by contrast recognised heterozygosity
as of minor importance. Although homozygosity in the wild population
was considered the norm, heterozygosity was thought to have four

main sources (Dobzhansky, 1955):

1. Deleterious mutants which are eliminated by natural selection

in a certain number of generations.



2. Adaptively neutral mutants

3. Adaptive polymorphism maintained by the diversity of the

environments.

4, The rare "good" mutants, in the process of spreading through

the population.

Despite shaky evidence (Kimura, 1983), Dolthansky has a tremendous
influence on subsequent opinions among population geneticists

particularly in the United States.

Some opposed the claim that overdominance or heterozygote supremacy
(Muller, 1958) was playing a pre-dominant role in maintaining gemnetic
variability, let alone the claim as made by Lerner (1954) that hetero-

zygosity per se tends to be beneficial.

By the early 1960's, Dobzhansky and his school, along with paleonto-
logical studies of Simpson (1953), the ecological genetic studies
of Ford (1964) and his followers, and the specialism theory of
Ernst Mayr (1963) were combined to give the synthetic theory and
the selectionists what to them seemed 1like a watertight case.

A consensus was reached, that every biological character can be
interpreted: in the light of adaptive evolution by natural selection,

and that almost no mutant genes were selectively neutral.

Up until the mid-1960's conventional studies of evolution were



conducted at the phenotypic 1level, and there was no way of
unambiguously connecting the theory of population genetics wiﬁh .
the concept of gene frequencies. The advent of molécular genetics
removed these limitations. Two developments quickly £nllowed.
Firstly, it became possible through studies of amino acids sequénces
of proteins among related organisms to estimate the evolutionary
rates of amino acid ‘substitutions (Zuckerkandl and Pauling, 1965).
This enabled an estimate of the evolutionary rates of nucleotide
substitutions inside genes to be made. Secondly, the development
of electrophoretic techniques enabled enzyme variability among
individuals to be identified, and these studies have disclosed
a wealth of pclymorphic variants at the enzyme level in many organisms

(Harris, 19665 Lewontin and Hubby, 1966).

The picture of evolutionary change that actually emerged from the
molecular studies was ambiguous. Kimura (1968a) thought the evidence
was quite d1ncompatible with the expectations of selectionists,

neo Darwinism and the synthetic theory of genetic evolutionary

thinking.

Many population geneticists attempted to explain the polymorphism
encountered in terms of overdominant selection with overdominant
gene action (King, 1967). They thought such a high degree of poly-
morphism could not be maintained without some 4ind of balancing
selection. Kimura (1968b) attempted to explain the findings by
a different theory '"the neutral mutation theory" and later (Kimura,

1969) the '"neutral mutation-random drift hypothesis". Strong



support for these ideas came from King and Jukes (1969) who contro-
versially coined the phrase “non-Darwinian evolution" to illustrate

the differences from the neo-Darwinian~selectionist school of thought.

Unlike the traditional synthetic (neo-Darwinian view) the neutral
theory claimed that the great majority of evolutionary mutant

substitutions are not:- caused by positive Darwinian selection, but
by random fixation of selectively neutral or nearly neutral mutants.
The theory also asserts that much of the intraspeéific genetic
variability at the molecular level, such as identified in the form
of protein polymorphism by electrophoresis, i1s selectively neutral
or nearly so, and maintained in the species by the balance between
mutational input and random extinction or fixation of alleles (Kimura,

1983). : -

The neutral theory is accompanied by a well developed mathematical
theory and it attempts to treat quantitatively numerous problems
of molecular evolution and polymorphism from the standpoint of

population genetics.

Since 1970 the Neutralist v Selectionist argument has been continued
to the present day. For recent reviews of the Neutralist argument
see Kimura (1979, 1982, 1983) and Nei (1983). For reviews of
the ongoing Selectionist v Neutralist argument see Crow (1972,

1981), Lewontin (1974) and Nei (1983).

A brief description of the mathematical and conceptual ideas relating
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to the neutral evolution by random genetic drift is given below

(from Kimura, 1983).

1.

The probability that a selectively neutral mutant eventually
spreads through the whole population is equal to its imitial
frequency. In a population of N diploid individuals, 1if a
mutant allele is represented only once at the moment of appearance,

the probability of its eventual fixation is 1/(2N).

The rate of decrease of the heterozygosity by random drift
is 1/2(Ne) per generation, where Ne is the effective population

size. Usually Ne is considerably smaller than N.

If a new allele i1s produced at a locus with the rate V per
generation, then the average length of time between consecutive

substitutions at alleles in the population is 1/V generations,

For each mut‘ant allele destined to reach fixation it takes
on average 4Ne generations from its first appearance until

fixation, where Ne is the effective size of the population

If the assumption is made that every mutation is unique and
leads to a new allele (lLe not pre-existing) then the expected
frequency of homozygotes under mutation-random drift equilibrium

is Ho = 1/(4NeV + 1) where V is the mutation rate, and Ne is
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the effective population size, The reciprocal of 1/(4NeV + 1)
is called the effective number of alleles (ne) so that ne = 4NeV + 1.
The average heterozygosity of equilibrium ie 1 - Ho is then

He = 4NeV (Kimura and Crow, 1964).
4NeV + 1

Consider the process by which molecular mutants are substituted
one after another. Let K be the rate of evolution 1in terms
of mutation substitutiomns. This is defined as the long term
average of the number of molecular mutants that are substituted
at a glven locus or site in the species, per unit of time.
If consideration is restricted to selectively neutral mutations
only then K = V, where V is the mutation rate per unit time.
In other words, the rate of evolution in terms of mutant sub-
stitutions in a population is equal to the mutation rate per
gamete and is independent of population size. This remarkable
property is only valid for neutral alleles. If the mutant
substitution is due to positive Darwinian selection acting
as definitely advantageous mutants, the corresponding formula
for the rate of evolution is K = 4NeSV where S is the selective
advantage of the mutant alleles, and V is the mutation rate
for such advantageous alleles. In this case the rate of evolution
depends on the effective population size (Ne) and on selective
advantage (S) as well as the rate (V) at which mutantsg having
such selective advantage are produced in each generation.
But if the mutant alleles are nearly neutral such that their

selective advantage or disadvantage (S) is much smaller than
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1/(2Ne) equation K = V holds approximately.

The neutral mutation - random drift hypothesis has i1in recent years

been reinforced by two main discoveries.

The rate of molecular evolution is thought to be constant.
The balance - selectionist hypothesis predicts that molecular
evolution is not constant and is different for different organisms.
For each protein the rate of evolution in terms of amino acid
substitutions is approximately constant per amino acid site
per year for various lineages. Evidence to support this finding
comes from work done by Kimura (1979, 1982, 1983 and references
within), which indicates that haemoglobin evolution has continued
at the same rate in a variety of widely separated species,
including what has been regarded as a living fossil - the Port
Jackson shark.

T;I; apparent constancy of amino acid substitution rate in
evolution was termed "a molecular evolutionary clock” by

Zuckerkandl and Pauling (1965).

Higher rates of evolution have been obtained, notably by Goodman

et al, (1974, 1975) working on globiﬁ -evolution. Goodman et
al, (1975) claims this disproves the Neutral theory. Kimura
(1981) reported that the reason the apparent evolutionary
rates were so high was that assignment of geological dates

to duplication events in the early history of globin evolution
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were wrong.

The rate constancy assumption is obviously an important argument
in the formation of the Neutral mutation hypothesis. Li and
Tanimura (1987) review recent DNA sequence data and suggest
this rate of comstancy is not constant at all. Rates at nucleo-
tide substitutions in rodents are estimated to be 4-10 times
higher than those in higher primates and 2-4 times higher than

those in artiodactyls.

Li and Tanimura (1987) go on to say that Jjust because the rate
of constancy concept has been violated, or apparently violated,
this should not be taken as evidence against the neutral mutatilon
hypothesis. Li and Tanimura (198%) point out "a serious criticism
of the rate-constancy argument has been that the approximate
constancy seen in protein sequence data is in terms of chrono-
logical time rather than generation number, but mutation rates
in different organisms are more nearly comparable when measured
in generations, than in absolute time units". They sum up
by arguing the discovery that the rate constancy theory 1is
not fundamentally correct, and that the rate of nucleotide

substitutions is higher in short-lived organisms than in long-
lived organisms, and this 1is actually more in 1line with the
neutral mutation hypothecsis, than if the rates were equal for

all organisms.
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The molecules or parts of hélecules that are subject to less
functional constraint evolve faster (in terms of mutant sub-
stitutions) than those that are subject to stronger constraint.
This may explain some of the selectionist criticisms of the
neutralist theory that rate of molecular evolution is constant.
Kimura (1983) summarizes the evidence that suggests there 1is
selective constraint affecting neutral substitutions. The
fastest evolutionary rate for proteins is observed in fibrino-
peptides, they become separated from fibrinogen during blood
clotting and have little known function. Thus suggesting the
weaker the functional constraint, the higher the evolutionary

rate of mutant substitutions.

This theory is supported by work conducted on insulin. Insulin
is formed from proinsulin made up of three units of peptides.
peptide A and peptide B go to form insulin itself, whereas veptide
C has no known function. Kimura (1982) worked out that peptide
C evolved at at least 6 times the rate of peptides A and B.
Haemoglobins which perform a vital function in carrying oxygen
in the blood are under much more selective constraint than
fibrinopeptides and thus have a much reduced evolutionary rate.
Cytochrome C interacts with cytochrome oxidase and reductase

and there is more functional constraint on cytochrome C than
in haemoglobins. Thus cytochrome C has a lower evolutionary
rate than haemoglobins (Kimura 1983). The theory has been
expanded to nucleotide changes. It has been shown that sub-

stitutions at a codon's third position constitutes 70% of the
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random nucleotide substitutions (known as synonymous as they
seem not to lead to functional amino acid changes). Kimura
(1983) has estimated from evidence derived from work done by
Grunstein et 2l1,(1976) who worked on histone H, messenger RNA
sequences of two related sea urchins that the rate of nucleotide
substitution per year at the third position of the codon was
very high (3.7 +. 1.4) x 10_9. These observations along with
a systematic examina;ion of synonymous nucleotide substirutions
for various animals was explained once again by the fact that

the weaker the functional constraint the higher the rate of

evolutionary change.

Another observation concgrning evolutionary rate 1s of importance
in the neutralist-selectionist argument. There is evidence for
the rapid evolution of pseudogenes. A pseudogene is defined as
a region of DNA that shows definite homology with a known functional
gene but has lost ability to produce a functional product due to
mutational changes. Kimura (1983) maintains these genes have been
liberated from the constraints of negative selection, and mutate
much faster than their functional counterparts. He also observes
that "unlike the 'conservative' mode of change that characterises
the evolution of many normal genes, base substitutions at the

first and second positions of codons in the pseudogenes occur just

as frequently as they do at the third position".

Li et al (1981) performed a statistical analysis on the evolutionary

rates of pseudogenes in a human globin pseudogene and established
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that the average substitution rate per site for the pseudogenes
during their non-functional periods is 4.6 x 10_9, one of the highest

rates of nucleotide substitutions so far estimated.

Although the estimate of substitutions rate is high, it is not
as high as the neutral theory would suspect if there was no constraint
acting at all (Kimura, 1983). The inference is that there must
be some functional constant 1limiting the rate of substitution.
This constraint was found to be the "non-random" usage of synonymous
codons. Even though the number of synonymous codons can be as
many as six, coding for a single amino acid, the availability of
tRNA seems to be the limiting factor (Grantham et al.,1981). This
leads to the hypothesis that the.preferential codon usage represents
the optimum state at which the population of synonymous codons

matches the cognate tRNA available in the cell.

Clarke (1975) voiced considerable opposition to the whole idea
of the neutral mutation - random drift theory. H;—_put forward
arguments in favour of the balance theory. He describes hetero-
zygosity advantage at length, citing the enzyme alcohol dehydrogenase

as a prime example, where heterozygotes for the gene producing

the enzyme have a fitness advantage.

Frequency-dependant selection is a concept quoted by selectionsists
to support the role of natural selection in balanciag wild populations
of organisms,. The idea of frequency-dependant selection involves

the concept that any advantage or disadvantage conferred on a variant
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is dependant on the frequency of the variant (Clarke, 1975). Some
of the evidence cited by Clarke included the idea that birds hunting
prey by sight would maintain colour polymorphism in their prey

populations, and mammals hunting by smell should maintain olfactory

polymorphisms. He also cited work done on Drosophila melanogaster.
In wild populations this species has two varieties which can be
electrophoretically distinguished. It was found when populations
of the two variants were kept together, each variant survived better
when it was rare rather than when it was common. In these experiments
no predators are involved in the frequency dependant selection.
The inference concerning natural populations i1is they are better
off polymorphic so that both variants survive better and exploit
their hab;tat more efficiently than a genetically uniform population.
The argument the neutralists raise to explain. this evident poly-
morphism is that natural selection acts not on the alcohol dehydro-

genase but on the products .of some other gene on the same chromosome.

Clarke (1975) claims that the neutralist argument has been refuted
by direct biochemical studies of the proteins. He claimed to show
that they "differ not only in electrophoretic mobility but also
in other ways more likely to be of significance in the economy

of the organism."

Clarke (1975) claims the case of the classical and neutralist views
of variation is weak. "It has been demonstrated that most natural
populations of plants and animals are genetically heterogeneous.

Moreover, there is strong evidence that the diveristy of forms
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exists because natural selection favours it, that is because the
variants themselves affect the survival and reproduction of the

individual carrying them."

Kimura (1983) ends a discourse on the Neutral theory by saying
"classical evolutionary studies have shown beyond doubt that positive
Darwinian Selection is the major cause of evolutionary change at
the phenotypic level, that is at the level of form and function."
He goes on to sum up, that mutation and random genetic drift are

the forces driving evolutionary change at the molecular level.

But why should positive natural selection be so prevalent at the pheno-
typic level and yet random fixation of selectively neutral or nearly

neutral alleles prevails at the molecular level.

One answer is "stabilizing" selection, which eliminates phenotypically
extreme individuals and preserves those that are near the population
mean (Haldane, 1959). Various studies have been performed that

support this theory (Parkin, 1979 for a review).

Kimura (1983) observes that as most phenotypic characteristics
are determined genetically by a large number of loci in a genome
each locis has a -very small effect on the eventual phenotype.
So the intemnsity of natural selection involved at each of the relevant
loci is very small, Each mutation Kimura (1983) suggests will
be neutral or slightly deleterious and mutant substitutions are

mainly controlled by random drift.
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Milkman (1982) suggested the idea that neutral molecular evolution
is an inevitable process under stabilising phenotypic selection
when a very large number of nucleotide sites are 1involved. He

calied it a "unified selection theory".

Nei (1983) reviewing the evolutionary arguments between the classical
and balance theories,; and summarizes, "it is very difficult to
study a corresponding mathematical model and derive any testable
predictions analagous to these for neutral mutations. One common
feature of these hypotheses (balance and derivitives of the balance
hypothesis) is that genetic variability is actively maintained
by selection and 'leads to heterozygosity higher than the neutral

expectations."

Livshits and Kobyliansky (1985) compare the schools of thought
and conclude that neither satisfactorily explain completely the
mass of collected data. They suggest the main cause of discrepancy
in theories is that the variability of each locus 1is considered
independently in both the approaches. They suggest the genome

should not be regarded as an assortment of independent genes and

that different loci influence the variability of other loci.

In the last 5 years many authors have produced results relating
heterozygosity and fitness, measured by differemt morphological
and meristic parameters, This information in theory should help
settle the argument between the neutralists and the selectionists.

The evidence so far accumulated seems to have added fuel to the
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fires of controversy.

Mitton and Grant (1984) in a paper summarizing the association
between protein heterozygosity growth rate and developmental homeo-
stasis state, "Our interpretation of the literature leads us to
believe that roughly 70-80% of the effects of growth and develop-
mental stability can - be attributed to heterozygosity per se,

about 15-20% to the effects of specific gene combinations, and

the remainder to as yet unidentified causes".

They also state that "the observation that heterozygosity strongly
influence vigour and stability has been generally accepted in the
applied literature for many years". Their premise that these obser-
vations are generally accepted is palpably untrue. There is much
debate about the findings relating to heterézygosity but many of
the results do seem to give support to the selectionists' theory

of evolution.

Positive correlations between growth rate and individual heterozygosity
were found by Singh and Zouros (1978) and Zouros et al,, (1980),

working with the American oyster, Crassostrea virginica. Bivalves

have been studied quite thoroughly since then and other such
correlations have been recorded (Koehn and Gaffney, 1984; Diehl

and Koehn, 1985). Koehn worked with the mussel Mytilus edulis but

only found a positive correlation between heterozygosity and growth
in the early stages of 1life. No such correlation was found once

the mussels matured (Koehn and Gaffney, 1984). Mulinia lateralis
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also exhibited positive correlations between heterozygosity and

growth rate (Garton, et al 1984) as did Macoma balthica (Green et

al, 1983) and similar results were reported by Fujio (1982) for

the Pacific oysters, Crassostrea gigas.

Although marine bivalves have recieved a lot of attention, many
other animals have also been studied. Foetal growth rates were

studied in the white tailed deer, Odocoileus virginianus with regard

to individual heterozygosity and a positive correlation was found
(Cothran et al, 1983). Barlier, Bottini et al, 6 (1979) had found
a similar correlation in man. Positive correlations have been

found in the salamander, Ambystoma tigrinum (Pierce and Mitton,

1982) and King (1985) found a correlation between multi-locus' hetero-

zygosity and 1length in the herring, Clupea harengus. Fundulus

heteroclitus, the killifish has been extensively studied and genotype-

phenotype-fitness correlations have been shown to exist (Place
and Powers, 1979; Dimichele and Powers, 1982a, 1982b). Bruce and
Ayala (1978) also showed a positive correlation between morphological
variance and enzyme heterozygosity in the monarch butterfly Danaus
plexippus. Fleischer et al, (1983) demonstrated a correlation between
allozyme heterozygosity and morphological variation im the house

sparrow, Passer domesticus.

The idea of heteroczygosity being related to increased growth rate
and fitness is not confined “to animals. Mitton and Grant (1980)

found such a relationship in Populus tremuloides, the quaking aspen.




22

Thus there seems to be a substantial amount of evidence in favour
of heterozygosity being 1linked with superior phenotypic character-
istics. But there are many workers who have found no correlation

between heterozygosity and growth or fitness.

McAndrew et al,, (1986) gives many examples including studies conducted

on wild populations of marine bivalves. Foltz and Zouros (1984)

working on Placopecten magellanicus and Beaumont et EL,(1985) working

on Pecten maximus found no correlation. Foltz and Chatry (1986)

also showed no evidence to support heterozygosity correlated to

growth 1in Crassostrea virginica. Beaumont et al, (1933) conducted

a similar survey of captive populations of the mussel Mytilus edulis

in the laboratory and found no correlation.

Similar findings were cited by McAndrew et al, (1986) for various

forest tree species, Pinus rigida (Ledig et al, 1983), Pinus ponderosa

and Pinus contorta (Knowles and Mitton, 1980; Knowles and Grant,

1981; Mitton et al, 198l1; Grant et al, 1982; Mitton, 1983). Handford

(1980) working on a warm blooded vertebrate, the songbird Zonotrichia

capensis also found no correlation.

McAndrew et al., (1982) compared heterozygosity and the variability
of caudal, anal and dorsal fin rays in one of the largest studies

of any vertebrate, the plaice Pleuronectes platessa. But deSpite

thorough analyses of the data, no hint of any relationship between

heterozygosity and morphological variability was found. Thus there

seems to be no agreement among informed geneticists concerning



23

the effects of heterozygosity.

Meffe (1987) in an article concerned with conserving £fish genomes,
suggasts there is a need for urgent research in order to gain a
better understanding of the role genetic heterozygosity plays in
individual fitness of fishes, Meffe (1987) points out, that not
everyone agrees with - the fact that individuals displaying a high
degree of heterozygosity are at an advantage. This is a selectionist
argument and assumes that allelic wvariance is subject to natural
selection and that different genotypes have different fitnesses
in a given environment. This is of course opposed to the neutralist
hypothesis (Kimura, 1968a; Kimura and Ohta, 1971) which affirms that
variation at a locus 1is selectively neutral and that selecti;n

merely screens out grossly deleterious mutants.

Applying genetic theory to conservation of genetic resources, Meffe
(1987) suggests a conservative approach to conservation genetics.
"The neutralist approach suggests the loss of genetic variability
in small populations, resulting in fixation of loci, would not
be harmful. If alleles are indeed selectively neutral, then this
would be true. However, if this is not the case, potential 1loss
of a population or species could result. Alternatively, the

selectionist approach, if wrong, would only result i1in unnecessary
conservation of genetic diversity that 1is neither beneficial nor

harmful to the organisms involved". Hence the benefit of the
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conservative approach. Ryman (1983) agrees but adds that there
is a manifest need to investigate .further the relationship between

heterozygosity and increased fitness.

Ryman (1983) concerned with stock identification and utilization
in breeding and enhancement programmes, asks two major questions

that need to be answered namely:

1. Is there a correlation between the level of genetic variability
of biochemical 1loci (eg as measured by average heterozygosity)
on one hand and that of phenotypic <characters (eg as measured

by heritability) on the other?

2. Is there a relation between the amount of allelic differentiation
of biochemical loci and that of loci controlling the expression

of phenotypic characters?

There is a fundamental difference between the estimates of genetic
differentiation measured by wusing electrophoresis and other bio-
chemical investigative techniques on the one hand and measures
expressed in terms of heritability for certain phenotypic characters

on the other.

Allozyme data provide estimates of the absolute magnitude of genetic
variation and permit the assessment of the amount of genetic

differentiation between populations.,
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Heritabilities express the relative importance of additive and non-
additive genetic factors for the variation of phenotypic traits

such as growth rate, survival and disease susceptibility.

Allendorf and Utter (1979) proposed an association between average
heterozygosity and  Theritability for morphological <characters,

They too, highlighted the urgent requirement for more in depth

study on the subject.

In the last 20 years a substantial amount of information has built
up relating to the population genetics and heritability estimations
for an array of animals and plants. Since Harris (1966) and Lewontin
and Hubby - (1966) pioneered the technique of gel electrophoresis
using different species of Drosophila‘ many geneticists have used
dozens of different organisms to identify evolutionary relationships
between and within species, Reviews on electrophoretic variability
and interpretation of the results ﬂave been published (Lewontin

19743 Powell, 1975; Selander, 1976; Allendorf and Utter, 1979; Nevo,

1978).

In the last 10 years the extensive use of electrophoresis has lead
to much information being accumulated concerning the structure

of salmonid fish populations (Ryman, 1983).

The identification of individual stocks of fish and the consequent
implications concerned with conservation of genetic resources has

been highlighted (Allendorf and Phelps, 198la; Ryman and Stahl, 1981;

e
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Gjedrem, 1981; Altukhov, 1981; Ihssen et al., 1981; Guyomard et al., 1984).

Most of the salmonids have been studied and in each species, electro-
phoresis has shown up population structuring unknown until the intro-

duction of biochemical techniques.

Evidence has accumulated indicating genetically distinct populations

existing in the char, Salvelinus alpinus (Child, 1977), the Atlantic

salmon Salmo salar (Child et al., 1976; Payne and Cross, 1977; Thorpe
and Mitchell, 1981; Stahl, 1981, 1983), the brook trout, Salvelinus

fontinalis (Eckroat, 1973), the 1lake trout, Salvelinus namaycush

(Dehring et al., 1981; Brown et al., 1981), the cutthroat trout,

Salmo clarki (Allendorf and Utter, 1976; Gyllensten et al., 1985),

the rainbow trout Salmo gairdneri (Allendorf, 1975; Allendorf and

Phelps, 1981b) the sockeye salmon, Oncorhyncus nerka (Grant et al.,

1980) and the brown trout, Salmo trutta (Allendorf et al., 1976,

1977; Ryman et al., 1979; Taggart et al., 198l; Ferguson and Mason,
1981; Ryman, 1981, 1983; Jonsson, 1982; Krieg and Guyomard, 1983;
Guyomard and Krieg, 1983; Ferguson and Flemring, 19833 Gyllensten,

1984).

Ryman (1983) points out that there are considerable genetic

differences within the salmonid species on a micro as well as a
mecro-geographical scale. He also establishes there are significant
differences. between the variability patterns of different species.
A considerably larger portion of the total gene diversity (Chakraborty

et al., 1982) is found within populations in the Atlantic salmon
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and the rainbow trout as compared to the brown trout Salmo trutta

for example.

In the case of the brown trout Salmo trutta there 1is evidence to

suggest distinct genetic populations reproduce and live sympatically

in the same water body (Ryman et al,1979; Ferguson and Mason 1981).

Electrophoretic evidence has also been used to estimate the amount
of inbreeding present in populations of hatchery brown trout stocks
(Vuorinen, 1984). Genetic tags have been developed in the form
of naturally rare alleles, and used to mark hatchery brown trout,

in order to evaluate the success of artificial stocking programmes

(Taggart and Ferguson, 1984).

It has been claimed that some of‘ the observed phenotypic differences
found . within salmonid species may be directly related to the
biochemical variation observed. These claims have been made in
brown trout (Ryman et al, 1979; Ferguson and Mason,, 1981), Atlantic

salmon (Riddel et al, 1981; Heggerget et al., 1986) and in rainbow

trout (Northcote and Kelso, 1981; McKay et al,1984; 1986).

It 1is generally acknowledged that a thorough understanding of the
genetic variability patterns constitutes a requisite for an efficient
and effective management of natural and .cultured fish populations
(Allendorf and Utter, 1979; Wilkins, 1981; Ryman and Stahl, 1981;

Gjedrem, 1983; Ryman,1983).
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To be able to utilize genetic wvariability in the future i1t is
suggested the first step that should be taken is to conserve

what exists already (Soule and Wilcox, 1980; Frankel and Soule,
1981; Ryman, 1981 ; Allendorf and Phelps, 1981; Soule, 1985; Meffé&,

1987).

Running concurrently with the research carried out using biochemical
techniques to assess population. structure and to identify sub-
populations, 1is work directed at identifying and utilizing pheno-
typically important characteristics, desirable in the fish culture
industry. Genetic variation for some of the most commercially
important traits in.some of the most commercially important species
have been identified. This side of genetics is referred to as
quantitative genetics and the theory of animal breeding has only
recently been applied to fish culture, and is not yet widely practised
(Kinghorn, 1983; Gjedrem, 1983). Research in quantitative genetics

of fish is mostly restricted to salmonids (North America, Norway

and France) and carp species (Israel and USSR).

In order to choose the most appropriate method of selection in
animal genetics the heritability of the trait in which one is

interested has to be quantified. The higher the heritability,
the more successful individual broodstock selection will be for
the trait in question. The lower the heritability, the lower the
success of individual selection and the adoption of an alternative
strategy for selection is necessary such as family selection (Falconeg

1981).
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The trait most important to aquaculturists is growth rate. Maximising
" this trait ultimately leads to more turnover of a saleable end

product and thus increased profits.

Wohlfarth et al., (1975 ) reported differences in growth rate between
strains of carp and heritabilities of various growth rate paramaters
ranged from 0.1 (Kirpichnikov, 1972) to 0.48 (Nagy et al.,1980).
Similar reports suggesting inter-strain variation were reported
for rainbow trout. Heritabilities for growth differ between sire
and dam and age of the fish - the lowest estimates tend to be for
sire heritabilities ranging from 1less than 0.1 to 0.37 (Aulstad
et al, 1972; Refstie, 1980; Gunnes and Gjedrem, 198l1); the highest
estimates tend to be for dam heritabilities at a young -age with
values of 1.0 or more (Gall and Gross, 1978; . Klupp, 1979). Work
has also been conducted on Atlantic salmon with similar results
- heritabilities for growth rate ranging from 0.1 to 0.84 (Naevdal
et al 1975, 1976; Refstie and Steine, 1978; Gjerde and Gjedrem, 1984).

Channel catfish Ictalurus punctalus is another popular species

for growth rate heritability studies. Estimates range from 0.12
to 0.81 (Reagan et al., 1976; El-Ibiarty and Joyce, 1978; Bondari,

1980).

Other organisms studied include mosquitofish Gambusia affinis (Busack

and Gall, 1983; Stearnmns, 1984), Coho salmon Oncorhynchus. kistuch (Iwamoto

et al, 1982), brook trout Salvelinus fontinalis (Robison and Luempert,

1984). -

The heritability of other traits have been investigated. Kinghorn

(1983) reported the heritability of food conversion for rainbow
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trout was 0.41. Gjedrem and Aulstad (1974) report the aifferences
in resistence to vibrio disease of salmon parr was 0.07 for females
and 0.12 for males. Genetic variation in carotenoid deposition in

salmonids is reported by Torrissen and Naevdal (1984).

Blanc et al (1979) report on the heritability estimates for the
number of pyloric caecae for brown trout and rainbow trout

(heritability = 0.53). Blanc and Toulange (1981) investigated
brown trout alevins' swimming performance and found a heritability
of 0.3. Blanc et al (1982) report work conducted on spot pattern
in brown trout and concluded the heritability for this trait to

be 0.4.

Gjedrem (1983) and Kinghorn (1983) give extensive reviews on the
subject of heritabilities and quantitative genetics in the breeding

of fish and shellfish.

To obtain the best results in a selection experiment, the population
of the drganism under consideration should preferably show good
performance for the character of interest, eg growth rate. It
is emphasized, however, that a population that is characterised
by a fast growth rate does not necessarily harbour a high 1level
of genetic variation for that character (Ryman, 1983). The situation
can be 1likened to a hatchery stock which has been kept under the
same conditions for many generations. A The growth rate may be excellent
but the heritability for growth rate may be 1low, leading to poor

results from individual selection in future generations.
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What is ideally required is a population with (a) a good growth
rate to start with and (b) a high heritability for that trait.
The problem when choosing wild broodstock is that it is impossible
to tell the heritability for a trait from phenotypic characters,

and methods of estimating heritability are tedious, expensive and

time consuming (Ryman, 1983).

It has been suggested that instead of heritability, heterozygosity
could be measured by means of electrophoresis. This 4is making,
once again, one large assumption, that heritability and heterozygosity

are positively correlated. This again raises the controversy about

the importance of heterozygosity.

Ryman (1983) argues that since some of the traits which are of
interest to the fish breeders may not be under strong selective
pressure, in the wild natural conditions, the variability within
the stock may be greater leading to possibly high heritabilities
for these traits. But can one identify the possibility of high

heritability by assuming it is correlated to electrophoretic variation?

In the absence of empirical data, a lot of population geneticists
are assuming the existence of such a relationship and are selecting
populations for crossbreeding and suitability for aquaculture purposes
on the basis of genetic divergence as estimated from biochemical
Joci. Thus using ﬁeffe's (1987) conservative model for genetic

conservation, and aséhming the balance theory could be correct.
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The present study was established to shed light on the following

questions asked about brown trout in Scotland.

What is the heritability estimates for brown trout under hatchery
conditions for the main commercially important phenotypic‘character

- growth rate?

Is there a difference between sire and dam heritabilities for

growth rate and other parameters?

Do heritability estimates vary from a farmed stock and a wild

stock?

Is high growth rate and high heritabilities, or slow growth

rate and low heritabilities correlated to electrophoretically

detectable heterozygosity or homozygosity?

How are the wild populations of brown trout in Scotland genetically
distributed and does electrophoretic data used to 'classify'

variation help in future management of the resource?

Is any electrophoretically detectable variation found correlated

with other parameters?

4



CHAPTER 2
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2. The Biology of the Brown Trout (Salmo trutta L.)

2.1. Distfibution

The .brown trout has been studied extensively throughout its natural
range, and where it has been introduced elsewhere 1in the world.
It is one of the most widely spread species of fish in the world,

having been introduced primarily as a sporting species.

The brown trout introductions have extended self sustaining populations
to every continent except Antarctica. For a detailed account of
the introductions carried out during the last one hundred years

see MacCrimmon and Marshall (1968) and MacCrimmon et al, (1970).

Figures 2.1 and 2.2 illustrate the world -wide distribution of the brown

trout and its native range respectively.

2.2. Taxonomy

The brown trout has been extensively studied for hundreds of years
due mainly to the interest generated by its sporting and eating
qualities. Trout from different rivers and lakes show a remarkable
diversity in such features as size and colour, age at maturation,
longevity and in maximum weight attained. This has lead in the
past to different names being attached to trout originated from

different areas. Some workers actually referred to these different

forms on the species level.

Linnaeus in 1758 first distinguished three races of trout in Sweden,

Salmo trutta, the lake trout, Salmo eriox the sea trout and Salmo
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fario the brook trout (not to be confused with the modern day American

Salvelinus fontinalis). In 1866 Gunther published his catalogue

of fishes of the British Museum, Vol 6, in which he classified the

British trout into ten different species,

Salmo trutta Sea or salmon trout

S. cambricus " Sewin or Western sea trout
S. branchypoma Eastern sea trout

S. gallivensis Galway sea trout

S. orcadensis Orkney sea trout

S. fario River trout

S. ferox Great lake trout

S. stomachicus Gillaroo

S. nigripinnis Welsh black finned trout
S. levenensis Loch Leven trout

Regan (1911) also 1listed many specific and common names given to

various subspecies of trout in his introduction.

Common trout - (8. fario, gairnardi, cornubiensis)

English salmon trout (S. trutta, eriox, cambricus, albus, phinoc,

branchypoms)

Golden estuarine trout

(S. estuarius, orcadensis, gallivensis)

Great black lake trout - (S. ferox, nigripinnis)

Gillaroo (S. stomachicus)

Loch Leven trout - (S. caecifer, levenensis)
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Berg ( 1932) divided the European trout into what he called six

subspecies in which all British variations were classed together.

The six divisions are as follows:

Salmo trutta trutta

Northern and Western Europe (including Britain)

Salmo trutta labrax Black Sea and its tributaries

Salmo trutta caspius Caspian Sea and its tributaries

Salmo trutta aralensis - Sea of Aral and the River Oxus

Salmo trutta macrostigma - Mediterranean region

Salmo trutta carpione - Large trout of Lake Gorda in Italy

The problem of brown trout taxonomy was further complicated by the

exchange of brown trout stocks among European countries, such as

the transfer of German brown trout to England in 1884

and to Italy in 1885 (Pavesi, 1887).

Modern fishery biologists now regard the brown trout as one polytypic

species, Salmo trutta L. (Regan, 1911; Trewavas, 1953).

As biochemical

techniques have been introduced to brown trout population studies

it has become apparent that many of the old, so called species,

subspecies or strains, are actually genetically distinct. Ferguson

and Mason (1981) found the 'gillaroo', 'sonaghan' and 'ferox' (local
names given to morphologically distinct types of trout) all living

sympatrically in Lough Melvin, Northern Ireland, were significantly

different from each other electrophoretically and maintained individual

populations by spawning in different parts of the lough.
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Where stocking of trout has taken place, MgcCrimmon gnd Marshall,
(1968) are convinced most populations of brown trout now resident
in hatcheries and natural waters throughout the world emanated from
three sources: the sea run specimens of the European trout, European

trout permanently resident in freshwater and the trout from Loch

Leven and other waters of Scotland and Northern England.

2.3. Origin of recognised variation in Salmo trutta

A problem encountered by those working with Salmo trutta has been

to characterise and distinguish between forms especially between
migratory sea trout and non-migratory brown trout. Did the brown
trout develop from the sea trout or did the sea trout evolve from

the brown trout? In the three genera, Oncorhynchus, Salvelinus,

and Salmo ‘which make up the subfamily, Salmonini, there are no

exclusively marine species. This fact has been widely cited and
regarded as being a significant indication of ancestral origin

(Fahy, 1985). Freshwater species and genera have forms which can
survive and indeed thrive at sea, but none of the salmonini can
complete their life cycle unless they return to freshwater to spawn,
laying their eggs in suitable gravel not found in marine environments.

This suggests that salt water was secondarily invaded.

Salmonid migration to the sea enables sufficient growth to occur
to facilitate effective spawning. The similar purpose of a descent
by lake trout from the nursery burn to richer feeding in the lake
environment is often _overlooked. Thus the biology of 1lake and

sea trout are very similar.
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But what makes Salmo trutta sometimes smolt and run to sea in the

first place? TFahy (1985) points out that the existence of the smolt
has been regarded as strong evidence supporting a marine ancestry,
otherwise how could the smolt develop the ability to anticipate
circumstances which the juvenile of an entirely freshwater species

could not know.

But as brown trout, not silvered-up in any way, can be introduced
directly into salt water without detriment, smoltification can be
regarded as a secondary development in trout rather than a vestige

of a marine ancestry (Fahy, 1985).

Having suggested the sea trout are a consequence of a secondary
invasien of the sea by a freshwater species; one has to explaih
how the various populations, races and strains of the species are

distributed throughout the native range.

The last great ecological and climatic event in the earth's history
which not only affected the salmonid population of Europe but all
living creatures, was the ice age of the Quaternary peridd. Its
duration was approximately 900,000 years and consisted of nine major
advances of ice that can be recognised by geologists in Britain
and Ireland. Each of these intervals consisted of periodic extensions
of the ice sheets from the North, as the earth's surface and air
temperature dropped. Atmospheric warming caused the ice to retreat

periodically.
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When the ice was at its maximum southerly latitude it covered most
of Britain and Ireland. Due to the vast nature of the ice sheets,
the sea level at the time was lower than it is today. Rivers draining
the western part of Britair and south and east of Ireland were thought
to join and flow south by way of what has been called the Celtic
River basin. Fahy (1985) illustrates with a map, the proposed extent
of the ice. Everything to the north and west in Britain and Ireland
was 1inpenetrable to fish as the lochs and rivers as we know them

did not exist under the blanket of ice.

When the ice withdrew the land rebounded and rose as did the sea
level, which did so more quickly. The ice was thought not to have
withdrawn in one episode but by a series of retreats. Thus fish
previously isolated, trapped in European refuges during the 1ice
bound periods, once more could migrate and invade rivers and lochs
no longer under ice in Northern Britain. Different refugess may
have been isolated for many thousands of years between the glacial
periods, giving rise to separate populations evolving independently.
Thus different strains of salmonid species were thought to reilnvade
British waters from the sea, and probably at different times as
different refuges- became once more connected to the main marine

environment.

The climate crutinued to warm and this is one explanation for the
loss of anadromy. The salmonids followed the retreating 1ce sheet

and as the environment became kinder and the lochs and rivers warmed,
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food became more abundant, and migration to richer areas was no

longer necessary to complete their life cycle.

Recent electrophoretic work on Coregomus (Ferguson et al, 1978) and
Salvelinus (Ferguson, 1981; Andersson et al, 1983) has shown that the
non-migratory whitefish and charr in Irish and British waters are
very closely related- -to the whitefish and charr in Alaska and

Scandinavia, which regularly migrate to sea, but are presumably

living in a "harsher" freshwater environment.

Fahy (1985) mentions that the Mediterranean is fringed by resident
brown trout populations which must have been established there during

cooler times but whose members do not migrate to sea at all at present.

Thus the last 100,000 years has been a period of potential for great

diversification for Salmo trutta as the ice sheets melted and proffered

more freshwater for colonisation (Fahy, 1985).

2.4 Life cycle

Brown trout (Salmo trutta) normally spawn in fresh running water
in. the autumn of the year. In the British Isles, brown trout may
become ripe and spawn between October and February; they are never
found in breeding condition outside this period (Frost and Brown,
1967). Spawning usually occurs in moving water and trout living
in lakes migrate into the feeder streams. Those 1living in rivers

tend to move upstream prior to spawning.
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The actual time of migration is determined by two sets of factors,
the physiological developmental state of the ripening gonads and

the environment in which the trout is living.

The spawning migration is associated with a rise in water level
as well as a drop in temperature. Stuart (1957) found that migration
always occurred when the stream into which the trout were to migrate
had dropped to 6-7°C, and it was the first time it had fallen to

that level.

The female (hen) lays her eggs in a redd constructed in suitable
gravel. The redds are found in quickly moving water of moderate
depth. The width of the stream is irrelevant and stones upto 7c¢m

are utilized in the redd (Stuart, 1957).

The eggs laid by the female are fertilised by milt from the male.
The rate of development depends on the temperature, being faster
at higher temperatures (Dahl, 1918-1919). It 1is reported a high
proportion of eggs hatch successfully at temperatures between 3°C
and 12°C. Above and below these temperatures mortality increases

(Frost and Brown, 1967).

After hatching the alevins spend up£; six weeks hidden in the gravel
of the river bed, utilizing the food reserve of their yolk sac.
They start feeding once the majority of the yolk sac has been used.
The fry which start feeding earlier obviously acquire an initial

advantage in size over others which start later and they typically
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maintain this greater size ii‘f all the fry are left together in one
group (Frost and Brown, 1967; Campbell, 1971). It is postulated that
the larger fry hold better feeding territories and so grow faster,
As the year progresses the disparity in length between the smallest

and largest fry increases.

Mortality during early life is enormous (upto 95%). Once the fry
are established the mortality rate decreases and drops to 25% for

the period from fry to yearling trout (Le Cren, 1961).

When the adult trout live in lakes or lochs rather than in river
environments, and spawn in streams, the fry live and feed in

the streams. Those that grow fastest, may move down into the lake
when one year old (0+), the rest at two years old (l+) (Ball and

Jones, 1961; Campbell, 1971; Thorpe, 1974).

Growth is faster in the lake and those trout that drop back first
tend to have a size advantage over siblings that remain in the streams
for 1longer. Where spawning is limited and streams are small, all
the fry will drop back during their first summer (Frost and Brown,

1967).

Sea trout tend to move out of the lake or river and migrate to sea
as one, two .or three year olds (Le Cren, 1984), Their appearance
changes from the parr marked young salmonid to that of a silvery

smolt. The sea trout spend varying lengths of time at sea, where
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they grow much faster than their relatives, resident in freshwater.
They return to the rivers to spawn and are known by a variety of

coloquial names: peel, phinnock, sewin, white trout, being some

of the commonest.

Male trout (cocks) tend to mature a year earlier than the females
(hens) in the same population and two years old is the earliest
that cocks normally mature. Although Campbell (1971) mentioned
a mature one year old male that was only 7.9cm in length, but this

is an exception rather than a rule.

In productive environments where there is plenty of suitable spawning
gravel available, individual trout tend to spawn every year, once
they are mature, but in some lakes which have little or no spawning
available the fish may spawn every other year, giving enough time
for them to recover fully from the previous spawning (Stuart, 1957),
Campbell (1971) points out, some old trout, which may or may not
be of considerable size, may be immature for some reason, and others
which may appear to be 'resting' for a year between spawnings have
in fact finished spawning and will not become gravid again during
their 1lives. Some populations of sea trout tend to be multiple
spawners (Le Cren, 1984) and the same holds true for the larger non-
migratory trout. Southern (1932) reported a twelve year old trout
which had spawned eight times in consecutive years. Campbell (1979)
cites examples of the large piscivorous 'ferox' trout not maturing
until 5 to 8 years old, by which time they have attained a size,

which makes them hydrodynamically efficient at catching other f£ish,
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mainly Salvelinus alpinus. Campbell (1979) also reports other workers

(Kennedy and Fitzmaurice, 1971; Wojho, 1961) have found large trout
(> 55cm) with atrophied or "resting" gonads, although the fish they

-

studied had matured and spawned before.

According to Frost and Brown (1967) the fate of most wild trout,
which live past the parr stage is to be preyed upon by some predator.
Campbell (1971) suggests that a large proportion of each year class
of trout do not survive in Scottish lochs. It is difficult to estimate
mortality in these wild populations, as the trout may drop back
into the lochs and die and decompose undetected. The larger indi-
viduals which, have not matured early, have escaped the physiological
stress and disease and the physical hazards of spawning that the
smaller individuals in the population have had to endure (Campbell,
1979). The larger trout, use deeper and therefore safer spawning
grounds and when they drop back to the loch to recover, shoals of

young charr (Salvelinus alpinus) are an abundant food supply aiding

recovery. If the larger trout do not turn to a piscivorous diet,
they will become weak and die of starvation. Campbell (1979)

calculated one 15cm charr is equivalent in weight to 4,500 12mm
chironomid larvae. As trout grow older they are more likely to
become heavily infectd by parasites, thus they may become progressively

debilitated.

There is considerable evidence to suggest Dbrown trout possess an
accurate 'homing instinct' which is expressed by their return to

spawn again and again in a particular ,stream, which is very probably
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that in which the fish was hatched and lived as a fry (Stuart 1953,
1957). Allendorf et al,(1976) and Ferguson and Mason (1981) working
in Scandinavia and Ireland respectively found sympatric populations
living in the same lakes, separated by accurate homing instincts

to separate spawning areas.

Thus the brown trout exhibits great plasticity in every part of
its life cycle. Not only does its physical appearance vary greatly,
so does its growth rate, diet, feeding behaviour, age at maturation,

place and time of spawning and its longevity.

The question asked by most informed anglers and fishery biologists
is how much .of this variation is genetically controlled and how

much is influenced by the environment in which the trout lives?

Until recently the scientific investigations that have been conducted
have mainly encompassed ecological aspects of the brown trout's
life history. Much work has centred in the_}%glish lake district
(Allen, 1938; Swynnerton and Worthington, 1939; Frost and Smyly, 1952;
Frost, 1945) and in Wales ( Ball and Jones, 1960, 1961;

Graham and Jones, 1962). For a review of the work carried out up

until the mid 1960's see Frost and Brown (1967).

The genetic aspect of trout biology has always been of interest.
Dahl (1918-1919) conducted extensive trials with different populations
of brown trout in Germany and produced some results that suggested

genetic as well as environmental effects influenced growth rate,
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Davis (1934) stated that experiments with brown and rainbow trout
showed rapidly growing strains could be obtained by selective breeding.
Donaldson and Olsen (1957) agreed and concluded that dramatic improve-
ment could be attained using generations of selective breeding in

rainbow trout.

Alm (1959) demonstrated experimentally that iate maturity was hereditary
in Swedish trout by carrying out controlled rearing experiments.
A more thorough review of current genetic research concerning pop-
ulation structure of salmonids is given in the chapter on

electrophoretic examination of wild Scottish brown trout.

2,5' The Growing Importance of Brown Trout

The brown trout used to be an important source of protein in areas
of Scotland and were extensively trapped and netted (St John 1878;
Brookes, pers cémm). The angling potential of the lochs and rivers
was not publicised until the late eighteenth century and early nine-
teenth century. Campbell (1971) lists a number of sportsmen, tourists
and naturalists who wrote abéut the sports fishery potential and
highlighted the tourist potential in Scotland. (Thornton, 1804;

Pennant, 1769; St John, 1878; Stoddart, 1866).

Due to the development of the angling resource and initially because
of a need for food, trout were stocked randomly into many lochs
to attempt to improve quality and yield. Unfortunately, little
if any record has been kept of these introductions, and even less

information is available on their success (Campbell 1971).
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In 1971 a government white paper on game angling in Scotland (HMSO,
1971) stated that there existed a great need to make more waters
available to the resident population and to visitors to Scotland.
In order to bring about this development, a complete reorganisation
of angling was suggested, including the evolution of a new body,
the Scottish Angler's Trust (SAT) and also the development of area

boards (Hails, 1978).

The proposals of the white paper were based on the findings of the
Hunter committee which produced its main report on Scottish salmon
and trout fisheries in 1965 (HMSO, 1965). Although the committee
sought evidence from a very large number of organisations and indi-
viduals the information was 1largely of a qualitative rather than
quantitative nature (Hails, 1978). In 1976, the Freshwater and

Salmon Fisheries (Scotland) Act was passed bringing about the legis-
lation necessary for statutory protection of trout waters and the
provision of financial assistance towards organisations developing

trout fisheries.

Since 1976 some areas have reorganised the trout angling and applied
for and been granted protection orders under the legislation brought
about by the act. However the vast majority of the trout populations
and the anglirng have received little attention and are still managed
as thcy have been for the best part of the last 100 years, namely
through hotels, estates and angling clubs.

In contrast to the apparently apathetic nature of governmental interest

in recreational fisheries in Britain,'other countries have recognised
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their extensive value and potential and have acted accordingly.
In Scandinavia where recreational fisheries are affected by acidi-
fication large government run research programmes are on going to
identify ways in which to aid the situation. Brown trou* have been
collected from over 200 populations and kept as an egg and sperm
bank for future innovative management of the fisheries (Gjedrem,

1981).

A great deal of controversy 1is present in the literature on acceptable
methods for estimating the value of fisheries. Crutchfield (1962)
contended that the value of a commercial fishery equals the market
value of the fish. This cannot be applied to recreational fisheries
because values other than the harvest are involved. A few of the
methods to valuate recreational fisheries include, unit day value,
gross expenditure, reblacement cost, income multiplier, property

values, willingness to pay and travel cost (Weithman and Haas, 1982).

Barber (1976) produced figures avaiable in the USA for individual
states for numbers of fish caught and the number of anglers fishing.
For example in Oregon alone in 1972, 14 million salmonids were caught
by 5.5 million anglers at an average of 2.6/day. In the USA there
is a coordinated programme of fisheries management run by the US
Fish and Wildlife Service whose aim is in "assisting in meeting
the public demand for recreational £fishing .&%hile maintaining the
nation's fishes and their habitat at a level and in a condition

that will ensure their survival".
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The detailed aims of the government and state funded service are

as follows:

1. To maintain existing sport fishery populations at the level

required to meet public demand to the maximum feasible extent,

2, To increase fish opportunities by restoring destroyed or depleted

fisheries.

3. To create greater fishing opportunities by up-grading existing
fish populations, developing fisheries in new waters and intro-

ducing new species.

4, To protect the nation's fisheries by limiting the introduction

or distribution of diseased fish and their attendant pathogens.
5. To control the distribution and populations of exotic species.

6. To carry out the responsibilities established by treaties and
other commitments of the federal government, to maintain or

restore fish resources.

The cost of such operations is jointly shared between federal and
state finances (Barber, 1976). Twelve large research laboratories
and over 500 state and federal hatcheries are financed to cope with
the growing demand for recreational fisheries not necessarily with

salmonids as the only quary. Burrows et al, (1974) estimated that
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the hatcheries produced over 600 million fish of fingerling size
or larger/year and > 1000 million fry mainly walleye, striped bass

and northern pike; but also salmonids.

The situation in Scotland is far from being as organised. The relevant
bodies that may be expected to have some idea of how many trout
.are caught by how many anglers have virtually no data to work omn
and there is no coordinated government encouragement to. improve
the situation. Although the Department of Agriculture and Fisheries
for Scotland (DAFS) is charged with the responsibility of analysing
and monitoring all types of fisheries, simple statistics vital for
the effective evaluation of resource utilization at present and
in the future are not available. The Scottish Tourist- Board conducted
a Leisure Survey of tourists visiting Scotland in 1981 and of 4.1
million tourists 10% said they fished, but there was no mention
of what type of fishing this entailed. In 1983 a report by a country=

side sports consortium estimated 350,000 Scots fished. The Scottish
Sports Council in 1986 conducted a limited study which showed more
males between the ages of 13-24 fished than females of the same

age!

No figures are available for the number of trout caught every year
in Scotland. Various 'guestimates' have been voiced but nothing
has appeared in .print. A recent figure of between 300-500 tons
(Walker pers comm) has been suggested for the total weight of trout

taken by anglers in Scotland annually.
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As the Scottish economy is becoming more and more reliant on non-
manufacturing industries, the tourist industry is playing a larger
and larger role in the economy of many rural areas, and as recreational
fishing is a major tourist attraction, Scotland and in fact the
UK as a whole could profit from adopting many methods currently
in use in the USA in fisheries management. Barber (1976) includes

the following strategies:

1. That public money i1s best spent in providing angling for the

general public by acquiring and running public waters.

2., Non-endemic species can provide valuable fisheries, and important
subjects for fish farming without Jeopardising mnative species

or fisheries. -

3. The investment of public money in supporting and creating fisheries

can bring considerable incomes to communities local to the fisheries.
4. Waters supporting heavy angling pressure need careful management,

5. Given the assurance that their money 1s spent on supporting
and improving fisheries, anglers are prepared to pay $4-6 or
£2-3/year (1976 prices) for a 1local 1licence and an additional

11% tax on fishing tackle and bait.

6. The success of stocking operations and therefore hatchery

programmes depends upon many factors, not just the numbers of
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fish released. Some of these factors are: species, size, strain
or genetic make up and health of the released fish, method and

time of release and nature of water being stocked.

7. The spending of public money on research develops the expertise
to advise the public and allow the successful commercial exploit-

ation of new ideas in fish culture and fisheries management.

8. Cost benefit studies are an important aspect of management

programmes.

To sum up,the vast majority of Scottish brown trout fishing represents
a large unexploited poorly managed resource, with considerable scope

for future development.

The aims of promoting angling and increasing tourism and thus wealth
to local economies, rely on well managed fisheries. One of the
most important prerequisites for a successful conservation and manage-
ment programme is the accurate identification and characterisation
of the genetic resources available (Taggart, 1981; Ryman, 1981; Thorpe
and Mitchell, 1981; Ihssen et al,, 1981; Altukhov, 1981). The identi-
fication of intraspecific variation is concerned with estimating

the distribution of genetic variation within the species concerned.

Ryman (1981) working with brown trout in Sweden, found

1. The genetic structure of naturally occurring populations was
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more complicated than previously thought.

2. Genetically differentiated subpopulations exist within extremely

small geographical areas.

3. The genetic differentiation appeared to be coupled with ecological

and morphological variation.

Ryman (1981) continues "The genetic pattern observed in waters affected
by human perturbations indicate that the disturbances have drastically
altered the distribution of genetic variation in these areas and
that the genetic characteristics of previously existing subpopulations
have most likely been lost. There is also strong evidence showing
the current hatchery stocking procedures may frequently change the

genetic composition of the stock (genetic resource) they were intended

to preserve".

Taggart and Perguson (1986) assessing the effects of stocking Lough
Erne in Northern Ireland, by the use of an electrophoretic investi-
gation found evidence that the hatchery stock, characterised by
low frequencies of the LDH5-105 variant allele, had interbred with
the native Lough Erne trout characterised by a high frequency of
the same allele. Taggart and Ferguson (1986) end their paper by
looking to the future and suggesting a separate hatchery should
be established and maintained for ooth introductions and as a gene

bank, on Lough Erne, as the only practical method of "reconciling
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the conservation of a unique gene pool with increasing angling pressures
and the resultant need for supplementary stocking". This scenario
of course can be expanded to many other areas throughout the brown

trout's range.

In Scotland very 1little genetic research has been carried out on
the brown trout. Niall Campbell and Andy Walker have kept various
strains of brown trout in captivity and introduced them into fishless
waters but little quantitative results on the performance of these
trout is available. Campbell has produced a number of papers comparing
growth of trout and gave reasons for the differences in many highland
lochs (Campbell, 1957, 1961, 1963, 1971, 1979). Campbell (1971)
states "It would appear that whatever is the genetical pattern controll-
ing growth and 1life span in different stocks of trout, these are
for practical purposes completely masked, within extreme limits,

by the immediate environmental conditions".

Campbell (1967a, 1967b) also gave methods by which the highland

trout populations could be improved.

In recent years the Department of Agriculture and Fisheries for
Scotland, that used to conduct extensive brown trout research at
Pitloch;y, now concentrates its research on salmon and to a lesser
extent sea trout. The brown trout has been overlooked although

to many it is a vital and sustainable resource which is under utilized.

Ferguson and Fleming (1983) have conducted a minimal electrophoretic
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éurvey of some Scottish lochs and rivers (9 locationms). Fleming
and Ferguson (unpublished) in 1981 conducted an electrophoretic

survey of the three main spawning burns of Loch Leven.

The electrophoretic part of the present study is designed to establish
a baseline of information concerning the intraspecific genetic variation
of the brown trout found in Scotland. It is envisaged that this
information will be made available to aid more rational trout manage-

ment strategies in the future.



CHAPTER 3
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3. Quantitative Study of Brown Trout at Howietoun Fish Farm

3.1. Introduction

When one is interested in the cultivation of a species of organism
which is of economic importance, whether it is bred for food or
for some other reason, one of the main biological traits that is
often vital to the success or failure of the programme is the growth
rate of the species involved. Rapid growth speeds up the turnover
- of production and frequently larger animals attain a higher price

per unit of weight compared to smaller ones (Gjerde, 1986).

Rapid growth rate is a problem in some types of meat production,
where a correlated response in mature weight causes an increase
in the cost of maintaining broodstock, but this factor is negligible

in fish and shellfish production (Gjerde, 1986).

The present project is concerned with the brown trout which has
limited nutritional value in the countries where it is native or
has béen introduced, but forms the basis of many recreational
fisheries of great socio-economic value (MacCrimmor and Marshall,

1968), and many are sustained by supplemental stocking programmes.

This is the situation in Scotland.

In common with other organisms, which are produced commercially
a knowledge of the brown trout's genetic makeup is a prerequisite
for a sound and rational breeding and management programme (Ryman,
1981; Rasmuson, 198l), both in the wild and in cultured systems.

Gall (1972) stated "we must make every effort to learn and understand
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both the biology and genetics of the organism before we attempt
to tamper with the essential but perishable resource, genetic

variability".

Smith and Chesser (198l) in a paper concerned with the rationale
for conserving genetic variation in fish gene pools, point out
that genetic resources are being eliminated at an alarming rate.
They introduce a useful analogy connected with the gene bank concept.
"The genetic make-up of populations is the currency within the
gene bank of resources, that make man's long-term well-being and
survival possible. Conservation of these genetic resources is
inherent to the gene bank concept and analagous to a savings account
in an actual bank. Our account in the gene bank -not only allows
certain future activities that would otherwise be impossible, but

also pays dividends to future generations".

Gjedrem (1981) in a paper concerned with conserving brown trout
populations in No£;;§, which are under great threat due to acidi-
fication, found certain strains of trout were much less susceptible
to acidification than others. Gjedrem (1981) suggested the conserv-

ation of existing strains as these represent a resource of genetic

diversity for potential use in future breeding programmes.

Smith ard Chesser (1981) concluded there were five important points
in their rationale for conserving genetic variation in fish and

they were as follows:
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1. Modern techniques, such as electrophoresis, demonstrate the
existence of a large amount of genetic variation within and

between fish populations.

2. There is evidence that some of this genetic variation permits

the adaptation of fish to local environmental conditioms.

3. The overall level of genetic variability itself may be adaptive
in ways that are partially independent of single-locus effects.

This is highly controversial and will be dealt with later.

4., Because of the known and potential adaptive values of genetic
variability conservation efforts should be directed toward
maintaining existing levels of genetic variability in natural

populations.

5. Selective breeding programmes, while resulting in the emphasis
of certain characteristics, such as growth rate, often result
in a reduction of the level of genetic variability and should

be applied to natural populations only with extreme care.

This chapter is concerned with assessing the genetic variability
for growth rate in populations of brown trout derived from both
hatchery stock and wild strains, kept in sultured situations.

This is facilitated by measuring the heritability of the trait

in question.
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Later chapters will deal with electrophoretic analyses of the trout
grown under artificial conditions and compare them with wild stocks
obtained elsewhere in Scotland. Comparisons will also be possible,

between genetic variability for growth rate and genetic variability

identified by electrophoresis.

3.1.2. Advantages and Disadvantages of Using Fish for Genetic Work

Skjervold (1976) and Wilkins (198l) both highlight various traits
that make fish easier to genetically "manipulate and improve" than

other organisms. The traits involved are as follows:

1. The genetic variability of fish in general, in the form of
heterozygosity of individual loci is higher than in most other

vertebrates studied.

2. The majority of fish species used 1in aquaculture today are
mostly taken directly from wild stocks and thus their genomes
are unaltered by intensive artificial selection procedures,

to which most domesticated livestock have been subjected.

3., External fertilization and high fecundity generally in £fish
species make it possible to raise many more siblings and therefore
selection studies can theoretically be done much more intensively

than with other livestock, such as sheep or cattle.

4. The sex determination mechanism is much more plastic in some
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fishes, which allows production of monosex, gynogenetic and

androgenetic populations leading to the production of inbred

lines in fewer generatioms.

Intergeneric and interspecific hybrids are very often viable
and fertile in fishes, which allows the possibilities of obtaining
"tailor made" stecks through the combination of several

commercially important characteristics from different species.

There are disadvantages to using fish species when it come to genetic

improvement procedures. Amongst them the following are the most

important:

Many species of fish including temperate species such as salmon

and trout exhibit long generation times, which slows up genetic

research and development,

At present there is considered to be a lower 1evel.of knowledge
concerning the technology of fish farming than other types
of livestock production. This is due to the relatively short
history associated with the farmed production of fish species,

with the notable exception of the Common Carp (Cyprinus carpio )

which has been farmed for food for over 2,000 years by the

Chinese, and jintaensively bred in Europe for over 1,000 years.

Fish in a population generally develop a hierarchy which inter-

feres with the experimental design this is more accute in some
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species than in others.

4. Young fish and even larger non-mature individuals show a lack
of visible markers associated with their sex or other commercially

important characters.

5. The final and obvious disadvantage 1is that, fish require a
sufficiently clean and plentiful water supply. Temperate species
such as salmon and trout require well oxygenated, cool clean
water, and if a large genetic research programme is envisaged
a large amount is also required, to allow different populations,

families or crosses to be held separately.

3.1.3. The brown trout as a species used in genetic research

The brown £rout according to Frost and Brown (1967) are not convenient
animals for genetic experiments Dbecause they breed only once a
year and take at least two years and usually longer, before they
attain sexual maturity. Frost and Brown (1967) also highlight
the problems of obtaining enough cool, pure water, and the space
required for rearing large numbers of families of trout, They
conclude that in most circumstances genetical experimentation 1is

impracticable and/or prohibitively expensive.

Due to the obvious problems highlighted in rearing sufficient trout,
and the lack of financial support to overcome them, it is not surpris-
ing that until recently 1little quantitative genetic research has

been completed. An exception to thi§ situation involves the Norwegian
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Institute of Animal Genetics and Breeding station at Sunndalsora,
whicb.was built in 1971-1972 in response to the demand for research
in the different fields of breeding, nutrition, management and
pathology, of the greatly expanding Norwegian fish farming industry.
. Sunndalsora described by Gjedrem and Aulstad (1974) consists of over
250 2m2 tanks, 140 1m2 tnaks, 36 circular concrete ponds 1lOm in
diameter, and the capacity to keep over 600 batches of eggs seﬁarate
in the hatchery. This development reflects the foresight and

importance that the Norwegians attached to the developing f£fish
farming industry 18 years ago. It is a lesson that should be learned
in Britain, as fish farming in the west and north of Scotland is
now one of the major employers, and virtually no coordinated genetic

research or even applied instruction takes place, in the industry.

Kinghorn (1983) in an overview of genetical fish research states
"Animal breeding theory has only recently been applied to fish
culture, and is not yet widely practiced. Research in quantitative
genetics in fish is mostly restricted to salmonids (North America,
Norway and France) and carp species (Israel and ﬁSSR). Commerical
interest in breeding programmes is overshadowed by continuing efforts
to develop optimum husbandry techniques and few companies practice
anything other than mass selection". This is in great contrast
to the situation in the agriculture industry where intense genetic

selection of many kinds has been widely practised for many years.

Gjedrem (1983) identified one reason for a lack of genetic breeding

programmes in aquaculture and that is "the education of researchers,
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advisory personnel and fish farmers. Education in fish biology
involves little attention to selective breeding and quantitative
genetics". This 1is surprising because of the economic importance
which aquaculture has reached in many countries, and as Gjedrem
(1983) points out "Fish and shellfish seem to be little different
from farm animals and plants in response to selection and hybrid-
ization effects". Bye and Ponniah (1983) point to the fact that
the aquaculture industry is young, and aquatic organisms have more compli-
cated 1life cycles than land animals as reasons for the 1lack of

genetic improvement.

Most farmed aquatic animals with the exception of carp and some
salmonid species are genetically indistinguishable from the wild
populations. from which they were captured. . This of course leaves
considerable scope for genetic improvement and for the application
of specific genetic manipulations which will significantly improve

the productivity of aquaculture in general.

Wilkins (1981) discusses the selection of strains in farming, and
Kinéhorn (1983) and Gjedrem (1981) suggest- that much emphasis
should be placed on the need to make contemporary comparisons between
stocks for commercially important traits under commercial conditionms.

.

3.1.4. The Concept of Selectjion

The fundamental concept of selection is that 1like begets like.
Bye and Ponniah (1983) state "there is always some variation within

a group of individuals from which preferred progenitors can be
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selected to derive the domesticated line of animals or plants towards

that combination of characteristics which are considered desirable".

The raw material for a geneticist or fish farmer to work upon and
thus ‘'improve' a species is the variation naturally present in
the productive traits of the individuals in a population. No genetic
gain can be achieved ‘where there is little or no genetic variation
within the trait under consideration, or in which the observed

variation is primarily caused by the environment,

Any observable or measurable characteristic of an individual organism
is a product of both the genetic constitution of the individual
and the environmment in which it 1ives, The relative contributions
of genotype and environment vary considerably depending on the
particular characteristic under consideration and the particular

conditions under which measurements of the trout were taken.

3.1.5. The Concept of Heritability

With controlled experiments it 1s possible to estimate the genetic
and environmental components of the variation of the character/
trait in question, and calculate its heritability (hz). Heritability
expresses the proportion of the total variance that is attributable
to the average effects of genes, and this i1s what determines the

degree of resemblance between relatives.

If heritability is high and close to 1.0, most of the variation
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for a trait is heritable and selection for the character will be
" very effective. If environmeﬂtal factors have caused most of the
variation, the heritability value will be low and if h2 is zero,
no genetic gain can be obtained by selection. Strictly there are

two different types of heritability.

Kirpichnikov (1981) defines heritability in a narrow sense and
a broad sense. In the broad sense the word heritability (haz)

is equal to the ratio between the genotype and phenotypic variance:

ha’ = o6

g

and the ratio GZG/Ozp expresses the extent to which individuals
phenotypes are determined by their genotypes. In other words,
the degree to which .the appearance of an individual 1s a direct

consequence of its genetic constitution.

It is regarded as more important for the animal or fish breeder,
however to define the fraction of the additive genetic variation,
or to express the extent to which phenotypes are determined by
the genes transmitted from the parents (Kirpichnikov, 198l). This
is known as the heritability in the narrow sense, and it is this
measure that most geneticists and animal breeders refer to when

considering heritability. It is expressed thus

v’ = oA

Gzp
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The different variance (02) components are thus very important in
analysing the mechanisms underlying the observe& ‘Yariation, in
particular for the separation of two' of its .main components: the
genotypic and the environmental components. Such separation can

be achieved by the use of various analyses of variance (ANOVAS),

which present the variance as a sum of its components.

The essence of quantitative genetics involves the separation of
variation and the intepretation of the results obtained from different

forms of Anova.

Determination of the contribution of the hereditary variation in
the total variation of a given trait is assoclated with many difficult
praétical problems. If the environmental variance was equal to
zero, 'and all the individuals within the population under consider-
ation grew up and lived under identical conditions, then the genotype
vafiation would be measurable as the variation observed within
the population. In practice, however, it i1s impossible to make
the 1living conditions of each individual identical even within
a single family. The situation is more acute when dealing with
fish, than with farm animals. Several methods are used in fish
breeding to determine heritability and they are reviewed by
Kirpichnikov (1981), and can be split into four main categories.
o
1. Determination of realised heritability on the basis of selection

effectiveness (response).
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2. Determination of heritability from the regression between parents

and offspring.

3. Determination of  Theritability from the correlation between

the values of a trait in close relatives.

4, Determination of heritability from the expression of the variance

of phenotypic variation using variance analysis.

In methods (1), (2) and (3), parental values and numbers of generations

are required to obtain meaningful estimates of hertibalities.

Using method (4), it is necessary to obtain simultaneously a sufficient
number of related offspring from parents representing a population
of fishes. The offspring are obtained either by diallele crosses
or on the basis of the so called hierarchic complex (Kirpichnikov,

1981).

The hierarchical design has been used frequently in £fish breeding.
The external fertilisation of eggs in most £ish species coupled
with the usual high fecundity of the females, facilitates the simultan-

eous fertilization of a large number of crosses.

Once heritability has been determined for the trait under consider-
ation, the correct method of selection should be employed. Selection
can be based on a single desirable trait such as growth rate or

a combination of traits.
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There are prerequisites before a selection programme can be established,
and up until recently many of the following were not properly
evaluated, leading to failure or at least imprecise results, derived
from inappropriate selection procedures.

The prerequisites are

1. The breeding goal, i.e. the trait under selection has to be

defined as specifically as possible.

2. The entire life cycle of the animal should be under one's control.

3. It should be possible to hold and individually evaluate a number

of generations in more or less identical rearing systems.

4, The individuals within a tested population should be identified
by means of external tags or distinct biochemical genetic
markers. This last point creates many problems for the research

facilities let alone for the technically untrained fish farmer.

5. For the traits one has selected, their relative economic value

should be established.

6. For the selected traits, the phenotypic variances and the herita-
bilities should be known. Again this is a great problem facing
research institutes and fish farmers alike. As already mentioned

large facilities are required and extensive breeding programmes
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initiated to yield worthwhile results.

Gjedrem (1983) stressed the point that selection in general should
be based on traits taken close to the time of marketing the animals.
Problems that can arise are exemplified by the following. Selection
for fast growth rate in the freshwater stage (pre smolt) of Atlantic
salmon may not lead to fast growth rate in salt water or to large
size eventually. But if one is a smolt producer and is relying
on rapid turnover of stock, fast growth rate and heritability

estimates derived from the pre smolt stage would be all important.
If on the other hand one is a salmon farmer producing large adults,
the production of fast growing early maturing adults (grilse) may
be a positive disadvantage. One requires estimates of genetic
and phenotypic variance and heritabllity estimates, for the strain
of fish one is culturing, at the time at which one wants to sell

ones produce to the market.

It has been shown that investment in selection programmes if carried
out thoroughly and effectively may give rise to very high returns,
considering the initial capital investment. Hi11,(0971) and Gjedrem
(1983) see no reason to believe that fish and shellfish are exceptions

in this respect.

When it comes to deciding on a particular mnathod of selection
appropriate to omnes stock and the trait involved, reference to
the figures 3.1 and 3.2 reproduced from Falconer (1960) makes the

options quite clear.
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Figure 3.1Relative merit of fullsib family (F) selection compared
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Relative response.

Figure 3.2
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with individual (I) selection. Number per family is infinite

and there is no variance due to common environment (Falconer,
1960).
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Family Size

Response expected under family selection relative to that
for individual selection, plotted against family size.
It is considered that there is no variance due to common
environment (Falconer, 1960).
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Falconer (1960) and Gjedrem (1983) draw the following conclusions
as far as selection procedures are concerned.
(a) The combination of individual and family selection is always

most efficient (Figure 3.1).

(b) When the estimated heritability is approximately 0.5 then
both family and inidvidual selection have the same efficiency.
But when the heritability is 1lower, family selection is more
efficient, and when h2 is more than 0.5, individual selection
(mass selection) 1is more efficienct than family selection

(Figure 3.1).

(c) Whenever the heritability estimated is below 0.4, the efficiency
of family selection compared with individual selection increases
markedly as the number of families increase (Figure3.2).

Gjedrem (1983) states "with fish ang_-shellfish, selection should

be based on a combination of individual and family merit. Individual

selection alone is only of interest when growth rate is the only

trait of economic importance and is highly heritable".

Historically, mass selection has been the main method used in £ish
breeding but, in general, suctess had been limited for production
characteristics. This 1s primarily because the fundamental require-

ments for selection have not been known or applied.
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There are problems associated with mass selection and these include
the one illustrated earlier with Atlantic salmon. Selection for
high fingerling size in fishes in general may not improve the overall
growth rate to marketable size, or the selection of marketable
size may not improve the growth rate at fingerling size. This
is Dbecause growth at different ages is influenced by different
factors and heritability for size .often increases by 2 to 3 times

after the fingerling stage (Bye and Ponniah, 1983).

Other problems when selecting fish individually include inadvertant
selection of aggressive individuals which turn out not to be optimum
converters of food, and the ever present problem in broodstock

husbandry, that of inbreeding, which limit the scope of selection.

Mass selection can be more effective 1f unrelated populations are
used to start the breed, thus producing a heterogeneous gene pool

from which to select (Kirpichnikov, 1981).

Family selection requir;s multiple crossings between selected parents,
comparative evaluation of the progeny and selection of progeny
from the best families for further raising. Falconer (1960) states
that environmental variation should be kept to a minimum to minimize

induced interfamiliar variability.

3.1.6. Concept of Genetic Gain

Knowledge of heritability for the trait under consideration gives
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one an estimate of genetic variability but it does not inform
the researcher or fish farmer of the potential gain that can accrue

per generation or per year to the trait, once selection procedures

are initiated.

Genetic gain can be calculated by using the following formula

(Falconer, 1960) G = 1. hz. Op
L
where 1 = selection
h2 = heritability

6p = phenotypic standard deviation

L generation time

The selection differential is a measurement of the intensity of
selection, and can be predicted in advance provided that two conditions
are satisfied. The first is that the values of the character being
selected are normally distributed and secondly that selection 1is
by truncatiaen. Falconer (1960) defines truncation selection as
"individuals are chosen strictly in order of merit as judged by
their phenotypic values, no individual being selected that is 1less

good than any of those rejected".

If these conditions are satisfied the selection differential depends
on the proportion of the population included in the selected group.
Gjedrem (1975) points out that because of the high fecundity exhibited
by salmonids, only a small fraction of the population are required

as broodstock, and this leads to a very high selection differential.
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Under the majority of farmed trout and salmon conditions, the pro-
portion of selected broodstock never rises above 1¥ and the

corresponding i value is 2.66 (Truncated Normal Distribution tables).
Thus genetic gain depends on the size of the heritability and the
phenotypic standard deviation and the proportion of individuals

used as broodstock.

3.1.7. Research Undertaken

Heritability estimates are invaluable, if <calculated correctly
in order to predict response to selection, plan breeding programmes

and estimate breeding values (Gjerde, 1986).

Very.many determinations of heritability have been made for a great
variety of chéracters in animals and plants. Cunningham (1983)
summarises the extent of the selection work carried out in animal
breeding research. Many hundreds of heritability estimates for
a great number of traits have been determined and selection based
on these estimates have taken place in the cattle, pig, sheep and
poultry industries, for decades. An annual rate of improvement
in the order of 1% for most traits appears relatively frequently
in farm animal species (Cunningham, 1983). Falconer (1981) gives
examples of heritability estimates for various types of animals,
ranging from Drosophila sp. to man and recognises that heritabilities
cannot easily be calculated with any great precision, and that

the majority of estimates have large standard errors. A small number
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of sires used in each experiment 1s often cited as reason for highly
variable heritability estimates between years (Gunnes and Gjedrem,
1981) and also the reason for large standard errors (El-Ibiary

and Joyce, 1978; Klupp, 1979; Refstie, 1980; Busack and Gall, 1983).

Falconer (1981) also alludes to the connection between the magnitude
of the heritability estimate and the nature of the character under
consideration; "on the whole the characters with the lowest herit-
abilities are those most closely connected with reproductive fitness
while characters with the highest heritabilities are those that might
be judged on biological grounds to be the least important as

determinants of natural fitness. Falconer (198l1) gives figures
to 1illustrate this point, showing that body weight for cattle,
pigs, poultry, mice, man and Drosophila have high heritabilities
(h2 between 0.35 and 0.65). Characters connected with reproductive
fitness, such as litter size, or egg production have low heritabilities

(h2 between 0.05 and 0.2).

Only recently have heritabilities concerning traits in fish populations
been studied. Extensive and thorough accounts of the research
carried out in the field of quantitative fish genetics in the 1last
decade are given by Kirpichnikov (1981), Gjedrem (1983), Kinghorn

(1983) and Gjerde (1986).

A summary of heritability estimates derived from fish and shellfish

species is given in Table 3.1, an extended version of Gjedrem's
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(1983) table 1II. Only estimates deriv;d from experiments using
5 or more sires or 5 or more full sib groups are included. Gjedrem
(1983) considered estimates based on 1less than these numbers to
be of 1little value. He expressed a wish to set the 1limit much

higher, but concluded that very few estimates would be left.

It appéars that fish along with other animals exhibit a similar
phenomena as described by Falconer (1981), some of the lowest

heritabilities in Table 3.1 are calculated for egg production traits.
The heritabilities shown for growth (Table 3.1), are on averge much
lower than growth rate heritabilities found in most domesticated
animals. Kirpichnikov (198l) suggests that the 1low heritability
of weight and size among fishes 1is closely related to fertility,
time of maturity and viability representing the main components
of the breeding values or ‘'fitness' of an individual, and thus

should have low heritabilities.
Heritability estimates have been calculated for a range of economically
important traits, and the following section 1lists these traits

and the authors who have published work on the subject.

1. Growth rate of various stages of the fishes life-cycle

Growth rate in rainbow trout (Aulstad et al., 1972; Moller and
Naevdal, 1973; Gall, 1975; Kincaid et al.§{ 1977; Gall and Gross,
1978a; Gall and Gross, 1978b; Klupp, 1979;. Refstie, 1980; Gunnes
and Gjedrem, 1981; Kinghorn, 1981; Gjerde and Gjedrem, 1984; McKay

et al., 1986).
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Growth rate in Atlantic Salmon (Naevdal et al., 1975; Naevdal et
al., 1976; Refstie and Steine, 1978; Gunnes and Gjedrem, 1978;

Gjerde and Gjedrem, 1984; Bailey and Loudenslager, 1986).

Growth rate in Carp (Kirpichnikov, 1972; Smisek, 1979; Nagy et

al., 1980; Brody et al., 1981).

Growth rate in Channel Catfish (Reagan et al., 1976; El-Ibiary

and Joyce, 1978; Bondari, 1980; Bondari, 1984)

Growth rate in Tilapia (Thien, 1971; Tave and Smitherman, 1980;

Bondari, 1980; Bondari et al., 1983).

Growth rate in Blue Mussel (Innes and Haley, 1977; Newkirk, 1980;

Mallet et al., 1986).

Growth rate in Oysters (Lannan, 1972; Longwell, 1976; Newkirk

et al., 1977; Losee, 1978).

Growth rate in Lobster (Hedgecock et al., 1976; Hedgecock and Nelson,

1978).

Growth rate in Brook Trout (Robison and Luempert III, 1984),

Growth rate in Pacific Salmon (Iwamoto et al., 1982).
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2. Carcass traits, including dressing percent, percentage lipid,

belly thickness, flesh colour

Rainbow trout (Gjerde and Gjedrem, 1984; Kinghorn, 19813 McKay

et al., 1986).

Atlantic salmon . (Gjerde and Gjedrem, 1984);
Carp (Smisek, 1979).

Catfish (El-Ibiary and Joyce, 1978).

3. Egg size, egg volume, egg number

Rainbow trout (Gall and Gross, 1978; Haus, 1984).

Atlantic salmon (Halseth, 1984).

4, TFood Conversion efficiency

Rainbow trout (Kinghormn, 1981; 1983).

5. Survival of eggs, alevins, fry

Rainbow trout (Kanis et al., 1976; Gall and Gross, 1978b).
Splake hybrids (Ayles, 1974)

Atlantic salmon (Kanis et al., 1976).

Brook trout (Robinson and Luempert III, 1984).



88

Blue mussel (Mallet et al., 1986).

Oyster (Lannan, 1972).

6. Condition Factor

Rainbow trout (McKay et al., 1986)

7. Resistance to disease

Atlantic salmon resistance to vibriosis (Gjedrem and Aulstad, 1974).

Pacific salmon. INH tolerance (McIntyre and Amend, 1978).

Splake (Salvelinus fontinalis x S. .namaycush) resistance to ‘'blue

sac diseases’ in alevin stage (Ayles, 1974).

8. Tolerance of adverse conditions

Hypoxia in Carp (Nagy et al., 1980).

Acid water tolerance in brown trout (Gjedrem, 1976; Edwards and

Gjedrem, 1979).

9., Age at Maturity

Rainbow trout (Gjerde and Gjedrem, 1984; McKay et al., 1986).

Atlantic salmon (Naevdal et al., 1976; Gjerde and Gjedrem, 198 )
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10. Oxygen consumption

Rainbow trout (Kinghorn, 1981)

11. Shell convexity

Oysters -(Wada, 1984; 1986).

3.1.8. Quantitative work carried out using Brown trout

The number of heritability estimates found for various traits relating
to brown trout are few, in marked contrast to the number of electro-
phoretic examinations that have been reported for the species.
One of the only investigations found involved more than 250 strains
of brown trout, that showed significant genetic variation in tolerance
to acid water both between strains and between families within
strains (Gjedrem, 1976; Edwards and Gjedrem, 1979). The heritability
estimates ranged from 0.09 to 0.27. This has lead to a selective

breeding programme of brown trout strains for stocking in acid
rivers. The future success of the project is not yet known (Gjedrem,

1981).

Years before quantitative methodology in genetics became established
Dahl (1919) showed that brown trout from different waters grew
at different rates and maintained the observed differences when
eggs from different populations were grown on artificially. Alm
(1949) investigated the inheritance of differences between naturally
occurring variations of brown trout in Sweden, and demonstrated

genetic differences between his "fario" and "lacustris" strains
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for age at maturity and fin colour. Alm (1949) also postulated
that maturity is a function of growth rate, and that trout that
grew fastest matured earliest. These were valuable works in their
day, but judged on modern day methcdology they are not statistically

very valuable.

3.1.9. Response to Selection

Gjerde (1986) illustrates various realised responses to selection
for growth rate in fish and shellfish in his table (1). The £fish

species that have been used 1in selection experiments are given

below:
l. Carp

Comﬁon carp have been farmed for thohsands of years and have adapted
well to pond environments. Kirpichnikov (1972) reported improved
growth rate and resistance to disease in selected carp breeds in
the Soviet Union. Moav and Wohlfarth (1976) working in Israel
attempted to select for fast growth and slow growth, using mass
selection for the traits upto an age of 7 months. The selection
was practiced in earth ponds for five generations. Moav and Wohlfarth
(1976) reported selection for slow growth rate yielded a strong
response for the first three generations, while high growth rate
groups showed no response to selection. They suggested that selection
for fast growth rate had reached a plateau and the variation existing
within the population was not large enough to warrant simple mass
selection. However family selection over two subsequent generations

showed significant increase in growth rate. This i1llustrates the
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need to choose the correct selection procedure, in order to maximise

the gain per generation that the available variability will allow.

2. Salmonids

Lewis (1944) selected rainbow trout for fast growth rate and size
of eggs at 2 years of age, and reported large gains in both parameters,
but common to many of the first experiments in selection, no control
lines were used, with which the results could be compared. Donaldson
and Olson (1957) and Donaldson (1970) in a long term, often referred
to, selection experiment reported remarkable progress for selecting
all manner of traits in rainbow trout. These traits included growth
rate and egg production. However in this experiment, the reported
selection responses are confounded by changes in management
techniques, feeding regimes and upgraded facilities, as well as
the fact that control populations' were not maintained. Kincaid
et al, (1977) reported 5% gain per year for weight of rainbow trout
at 147 days post fertilisation and Gjerde (1986) reported gains
of 7% per year for growth rate of Atlantic salmon at 190 day
weight and a 3.6% gain in body weight per year at 2 years of age
(salmon kept in sea cages) when compared to wild control lines.
Gjedrem (1981) reported that selection programmes were being carried
out in Norway in some wild populations of brown trout to improve
growth rate, disease resistance and acid tolerance, but effectiveness

of these activities is yet unkown.

3. Channel Catfish

Bondari (1980)° and Reagan (1980) reported very high response to
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selection for fast growth rate. Bondari (1980) reported a 33%
increase and Reagan (1980) reported a 59g increase per generation

at a 90 day weight.

4., OQOysters

Haley et al., (1975) reported that mass selection of adult oysters
gave an apparent strong reponse to selection for growth rate.

But as the environment was considered extremely variable, a combina-
tion of family and mass selection was suggested to achieve maximum
response. Newkirk (1980) indicated a 10-20% per generation gain

in growth rate was a reasonable expectation.

The realised responses quoted by Gjerde (1986) are very high compared
to what has been reported in species of farm animals. Cunningham
(1983) reported an annual rate of improvement of. the order of 1%
for most traits in farm animals, while fish and shellfish give
figures 5 to 10 times greater, probably correlated with the 'wild
type' genome encountered within fish and shellfish populations

"which have yet to be domesticated.

Although relatively few selection programmes have been initiated
or at least reported, many authors have suggested such trials would
be beneficial, their views based on the heritability estimates
and genetic correlations they found. Iwamoto et al., (1982) suggest
that the growth of Coho salmon in the wild could be greatly enhanced
by mass selection due to the high calculated heritability for this

trait. Robison and Luempert III (1984) working with Salvelinus
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fontinalis found high heritabilities for juvenile weight (h2 = 0.6)
and large variation within the population .(C}I. = 26%) and suggested
that mass selection would be. an effective means of significantly
increasing juvenile weight.  Similar conclusions have been made
by Gjerde (1984) working with age of.sexual maturity in Atlantic
salmon, Bondari (1984) working on body. weight in channel catfish,
Wada (1986) working with shell growth rate in Japanese pearl oysters

(Pinctada facata mortensii), and Busack and Gall (1983) working

on growth rate, and fecundity of the mosquitofish. There are plans
to introduce the mosquitofish which preys on mosquito larvae, into
areas with a mosquito problem. The fish used in pilot projects
so far have been from totally wild stock and the variability for
the various traits observed is very great. Stearns (1984) working
also with mosquitofish on a more academic approach, postulates
that the mosquitofish has not been under much selective pressure,
exhibits high heritabilities for growth rate, because the trait

is not under strong selection pressure, thus agreeing with Falconer

(1981) and Kirpichnikov (1981).

Hulata et al., (1986) warns that mass selection for rapid growth
in a strain of 0. niloticus is not a promising method of improvement,
unless genetic variation is increased in the ©basic population,
and measures are taken to avoid inbreeding. Tave and Smitherman
(1980) and Kincaid (1976) also hrighlight the problem of utilization

of a too narrow genetic base when estimating heritabilities and

initiating selection experiments.
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Hulata et al., (1986) point out that mass selection is also a difficult

method to use in tilapia because of non-synchronous spawning.

McKay et al., '(1986) also voice warnings concerning mass selection
for juvenile size in salmonids, without regard to physiological
status. McKay et al (1986) postulate that it may lead to some
improvement (genetic ~growth) but alterations in the population
distribution with respect to physiological status from generation
to generation may reduce the rate of improvement. This type of
selection may result in earlier maturing fish with poorer performance
in later life. McKay et al., (1986) point out that because smolting
and maturation are threshold traits, small changes in the environment
or the genetic make up of the population may lead to relatively
large shifts in physiological status. Such enviro;mentally induced
shifts have been reported for Atlantic salmon (Naevdal, 1983; Saunders
et al., 1983). It is clear that more information on the relationships
between size, growth, maturity and smolting in salmonids is required,
before advice on genetic management and selective procedures can

be given (McKay et al., 1986).

Gall and Gross (1978) recognise that many of the estimates of herit-
ability, particularly those made from a full-sib family structure
are biased upwards and they suggest waiting for results from selective
programmes before 2?taining realised heritabilities. However,
as stated by Gjedrem (1975) there seems to be sufficient evidence
to suggest that heritability for growth is high enough to obtain

significant genetic gains from selection, especially if family
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selection is employed (Gall and Gross, 1978).

3.1.10. Aims of this study and involvement of sponsors

It was felt the stock of brown trout, which had been kept at Howietoun
fish farm, part of Stirling University's aquaculture facility,
might be somewhat inbred. The history of the farm dates back to
the late 1870's when' Sir James Maitland founded the establishment,
The farm was originally stocked with brown trout from Loch Leven,

then known as Salmo levenensis. Since then there have been intro-

ductions from other local sources, and from populations of trout
outwith the area (locations unknown). The recent strategies concerned
with broodstock management, prior to the University taking over

the farm in 1979 were unknown.

It was felt a project was required to evaluate the effectiveness
of the previous broodstock management, and to advise whether or
not fresh genetical input from other stocks of trout was desirable
to maintain the genetic variability of the stock, and thus the

potential for improvement via various selection strategies.

Two approaches were envisaged; firstly a quantitative breeding
programme was initiated and secondly an electrophoretic investigation
was performed. Both these approaches were designed to establish
the current genetical make up of the brown trout at Howietoun
fish farm, and other wild brown trout populations in Scotland, and

answer the following questions in particular:
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1. What was the state of genetic variability within the captive
stock at Howietoun, for the most economically important trait,

namely growth rate?

2. What was the estimated heritability for growth rate in the

Howietoun stock compared with a wild stock?

3. From calculated heritabilities, what potential genetic gain

exist within the Howietoun farm stock?

4, Was the genetic variability within the Howietoun stock typical

of brown trout populations?

Prior to the commencement of the present project, an experimental
interstrain cross was performed between brown trout from Howietoun
and brown trout from Loch Leven. The cross was carried out in
the autumn of 1980. The resultant progeny were known as 'Ballantine
trout"” in recognition of the financial support the whisky company,
George Ballantine and Sons, had given to the University of Stirling

and Howletoun fish farm in particular.

This cross or strain was widely reported to be "very vigorous"
and to grow "exceptionally well", exhibiting "hybrid vigour or
heterosis". Another aspect of the present york was to investigate
this claim, and to establish whether the "Ballantine trout" cross
was worth repeating. The present work was funded by George Ballantine

and Sons as an extension to the Ballantine trout concept and as
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a more indepth study of the genetic variability and importance

of Scottish brown trout.
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3.2 Materials and Methods

3.2.1. Broodstock used

In October 1982, 18 female and 9 male Howietoun trout were used
in a hierarchical style cross. Each female having her eggs split
into two by volume, to give replicates and were fertilised by one
male. Each male fertilising the eggs from 2 females, see diagram

below.

sire
(;) dam
| I trough/tank
offspring

All the female broodstock were 3 year old first spawners having
not been used previously on the farm. It was intended that the
males should also be 3 year olds but, due to a shortage, two 2 year
olds were used. Table 3.2 gives a list of the broodstock used in

1982.

In November 1983, Loch Leven trout, electrofished from the North
Quiech spawning burn were stripped at the holding facility at Loch
Leven, using separate containers to collect spawn from each broodfish.
Table 3.3 gives a list of the broodstock used. Scales were taken
from each fish, so that parental age could be established. It would

have been better to use trout of all the same age to minimise variation
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in the size of the eggs, but due to the nature of the wild stock,
this was not possible. Only 6 females and 3 males were successfully
stripped on the 26th November 1983 and the remaining 12 females

and 6 males were stripped on 29th November 1983.

Once the eggs and milt were back at Howietoun hatchery the eggs
from two females were crossed with the milt from one male and each
batch of eggs split by volume to give replicate treatments. Thus

setting up a hierarchical style cross.

During stripping operation in 1982 and 1983, all the fish were
stripped by the same individual (self) to cut down on potential
variation in mortalities due to variations in individual stripping

techniques.

In 1984 broodstock from three localities were used., Two males and
two females from Howietoun, two males and two females from Loch
Leven's North Quiech feeder burn and two males and two females from
the 'Nashua' strain of brown trout kept at Faskally, Freshwater

Fisheries Laboratory in Pitlochry, were used in a diallele cross.

Each male being crossed with each female and vice versa. Table
3.4 1ists the broodstock used, and Figure 3.3 illustrates the cross
carried out. The eggs derived from one female had to be split into
six equal portions before the milt from each male was added. This
necessitated using as large females as possible to obtain a large

number of eggs. The Nashua females were not as large and did not
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produce as many eggs as did the Howietoun and Leven dams. Once
the Nashua eggs had been split into six the number per batch was
below 500 and thus the egg numbers from the other dams had to be
reduced to a comparable level before the first feeders were introduced
to the tanks. Thus the initial density of first feeders in 1985

was fewer than in 1983 or 1984.
Due to the nature of the 6 x 6 diallele cross, which produced 36
different male, female combinations, the trial was carried out with

no duplicates.

3.2.2. Brief history of the broodstock sources

1. Howietoun trout have existed as such since abhout 1880 when the
farm was founded. The trout originally came from the Loch Leven
strain and was then crossed with a variety of local populations.
The stock has had trout added to it over the last one hundred
years. But prior to the University taking over in 1979, the

broodstock management may have been suspect.

2. Loch Leven trout, formally known as Salmo levenensis is renowned

worldwide for its fast growth rate, sporting qualities and excellent

eating.

3. The Nashua strain of brown trout were imported as eggs and
milt by Department of Agriculture and Fisheries for Scotland
(DAFS) in Pitlochry from North America. There a strain of brown
trout which has become known as the Nashua strain has been developed

over a period of 50 or 60 years. The fish came originally from
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Europe. DAFS had kept these fish in a restricted system of
concrete tanks for four generations, and they have shown remarkable
growth rate (Walker, pers. comm.), although their appearance
is not as desirable as, for example, the Loch Leven trout.

They tend to be short, heavy and virtually unspotted. It was
thought the fish used as broodstock in this study had a high
probability of being closely related to one another, being all
of the same age class, and derived from a limited number of

broodstock four generations back.

3.2.3. Stripping and fertilization procedure

Eggs from each female were stripped into separate clean dry containers
and the quantity of eggs divided by volume and placed in other labelled

containers.

Milt from the males was stripped into glass viles and equal volumes
mixed with the different batches of eggs, using a syringe. The
milt was mixed with the eggs and left for 10 minutes. They were
then washed using clean burn water and left to harden for 3 hours.
Each batch of eggs was then placed into prepared numbered egg trays

at random.

For eggs and milt travelling from Loch Leven or from Pitlochry,
they were kept separate and fertilization was not initiated until
back at Howietoun. The time between stripping and fertilization

was between two and three hours. Excellent fertilization rates
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were achieved-as long as the containers into which eggs were stripped

were clean and dry..

3.2.4. Egg incubaiion and hatchery

The system in which the eggs' were incubated is illustrated in Figure
3.4 and Plate 1. The trays in which the eggs were kept were made
of perforated aluminium. A constant even flow of water was maintained,
occasionally checked by adding a small quantity of malachite green

to the inflow, to chart the passage of the water.

The water supply was gravity fed from a header tank five feet above
the top of the system, and the flow was increased as the eggs hatched
and alevins emerged. The depth of water covering the eggs was con-

trolled by means of standpipes positioned at the bottom of each

trough.

Each egg tray was so designed to let water pass under the f£front
of the tray and up through perforations in the base, over the eggs

and then out of the rear side of the tray.

The eggs were not counted into the systém but an accurate count
of mortalities was recorded daily. Dead eggs were removed using

a pipette and bulb picker.

Silt in the water caused problems in 1982-1983, partially covering
eggs and later causing gill problems with the smaller alevins (Richards,

pers. comm.). In 1983-1984 and 1984-1985 Armitages polymer filter
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Plate 1 Photograph showing segmented egg trays
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Plate 1
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wool was used in the inflow trays (see Figure 3.4 ) which acted as
an effective filter. The wool was washed or replaced once a week
or more often 1f necessary. Silt that penetrated beyond the filters,
was carefully removed from tue system by syphoning water from beneath
the trays. The troughs were thoroughly cleaned once the eggs had

reached the eyed stage and could withstand movement.

The eggs were kept in the dark by covering the troughs with hardboard
sheets, and later black polythene sheeting, weighted on either side

to keep it in position.

Once the eggs were eyed, they were shocked (between 40 and 50 days
afer fertilization). This procedure entailed syphoning each set
of eggs into a bucket, washing them, and counting them back 1into
the same (now washed) segregated tray. Shocking enabled one to
identify eggs which had not been fertilised or were not developing

normally. Such eggs turned opaque and white in colour and were

easily removed.

Eggs were counted effectively and quickly using a small sheet of
perspex countersunk with exactly 200 egg-sized depressions. By
keeping accurate daily counts of mortalities it was possible to

calculate exactly how many eggs were laid down,

So as to achieve the same density of fish in the tank system later
in the experiment it was thought the most accurate method of attaining

this, was to reduce the egg number to around 500 before they hatched.
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This was done in 1983, only two days before the alevins started
hatching, and it was thought that the disturbance caused b; the
reduction in numbers, may have speeded up hatcﬁing to a limited
extent. But as the disturbance was caused to all.the batches, evea
those not being reduced were counted, it was thought any ;esulting
changes in developmental rates were insignificant. Reduction in
egg numbers took place in 1984 but due to the smaller batch sizes

in 1985 as a consequence of the diallele crossing procedure, numbers

were not reduced to the same extent.

Estimates of proportions of the different batches that had successfully
hatched were recorded daily along with the first and last day successful
hatching took place. The alevins were kept in the dark and the
troughs kept ciean by syphoning waste egg shells and extraneous

detritus daily. Malformed or dead alevins were removed and recorded

and preserved in 70% alcohol.

In 1983, due to unforseen circumstances the tank system was not
in working order until 1lth March. Some of the fry in the trays
were at the swim up feeding stage a week before this and first feeding
by hand commenced on the 9th March 1983. In 1984 and 1985 feeding

was not attempted until the fry were moved to the tank system.

In 1983 the tank system consisted of 30 tanks and therefore a number
of batches had to be excluded from the experiment from then onwards.

Fry from females 1-12, and 17 and 18 were placed into the tanks,
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along with fry from female 15. The latter were used to f£ill up
the system rather than to partake in the heritability experiment,
due to not having enough tanks for the progeny of female 16, and
because the severe mortality suffered up to first feeding reduced

numbers below an acceptable level.

In 1984 and 1985 fry from all the parental combinations at the

fertilization stage were transferred to the tank system. Although
in 1985 numbers were much reduced and the 1initial stocking was
of 200 fry per tank. Some of the batches were below this but it
was felt that at this low density any differences in growth caused

by a density effect were minimal.

Tables 3.5," 3.6 and 3.7 list the dates and days after fertilization

that various event occurred in 1982-83, 1983-84 and 1984-85.

Table 3.5 Howietoun stock

Time from
Event Date fertilisation
(days)
Eggs laid down 17.11.82 0
Eggs shocked 6.1.83 50
Eggs thinned out to 150 18.1.83 62
Eggs started to hatch 19.1.83 63
Eggs finished hatching 29.1.83 73
First feeding started 9.3.83 112
Into tanks 11.3.83 114
lst accurate individual weighing 27.6.83 222
2nd accurate individual weighing 29.9.83 326

3rd accurate individual weighing 10.5.84 549
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Table 3.8 Leven stocks

Event Date Days from
Date laid down 26.11.83 and 29.11.83 0 (-3)
Eggs shocked and counted 9.1 84 44 41
Eggs reduced to 520 18.1.84 53 50
Eggs started to hatch 2.2.84 68 65
Finished hatching ’ 12.2.84 78 75
First fed 13.3.84 107 104
Into tanks 13.3.84 107 104
lst accurate measurement 3.7.84 219 216
2nd accurate measurement 4.10.84 312 309
3rd accurate measurement 10.5.85 530 527

Table 3.7 Mixed stock Diallele Cross or Factoral Cross

Event Date Days from
Date laid down 7.11.84 0
Eggs shocked 17.12.84 40
Eggs started to hatch 7.1.85 61
Finished hatching 19.1.85 73
First fed 20.2.85 105
Into tanks 27.2.85 112
1st accurate measurement 11.6.85 216

2nd accurate measurement 2.9.85 299
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3.2.5. The tank system

Due to the sloping nature of the floor in the one hundred year old
hatchery at Howietoun, arranging the 1 metre tanks to obtain even
flow created a problem. Columns of thermolite blocks and concrete
wedges were constructed to enable the timber on which the tanks
rested to 'be at the same level. This meant the gravity fed ring

main could supply water at a constant, similar pressure to each

tank.

The tanks at the bottom of the system were considerably higher off
the hatchery floor than those at the top (see Figures 3.5, 3.6 and
Plate 2 ). The water supply was piped within the hatchery f£floor
from the header tank at the top end of the building. The effective
head of water being approximately five feet. The water supply was
spring and burn fed, and shuttering and vaive systems enabled water
to be channelled either from the spring or the burn or from both.

The supply of water was controlled to suit the needs of the commercial

side of operations at the hatchery.

The ring main supplying the tanks was designed to run round the
whole system attached to the timber on which the tanks stood. Two
inch piping was used for the main. The individual tanks were supplied
by half inch pipe and the flows controlled by half inch taps (see
Figure 3.5 ). Initially the flows were found to be insufficiunt
with the half inch pipe feeding directly into the tanks, 8o was

reduced three times to produce sufficient current. The diameter
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Plate 2 Photograph of 1m tank system
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Plate 2
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of the reduced inflow pipes was 6mm.

The maximum delivery of water to each tank was 10 litres/minute.
But at the first feeding stage, the supply was reduced to allow

the young trout to maintain position on the bottom of the tank

( 1 litre/minute).

The fibreglass tanks (1 metre square with rounded corners) were
made by Stirling training workshop. The system was built in 1983,
ready for the first feeders of that year. Due to limited initial
finance, 30 tanks were installed but the system was extended a year

later to 36 tanks w_ith the addition of an extra row.

The depth of water in the tanks varied. At the fry stage a water
depth of 15 cm was sustained by means of standpipes placed in the
central well of each tank. Once the trout were growing well and

the effective density had increased, new standpipes were introduced

raising the depth of water to 25 cm.

The screens in the centre of the tanks, surrounding the standpipes
were also changed during each growing season. In 1983 the first
screens were made of punched zinc with holes of 1.5 mm in diameter.
These were found not to be satisfactory, because after approximately
three months of cleaning, they started to disintegrate. The possible
toxicity of the 2zinc screens was tested by leaving a sample of fry
in still water with sections of the material for 48 hours. No apparent

damage was observed in the fry. The tanks run on a flow through



118

system and the fish would not have been in contact with water that
had been in contact with the screens for more than a few minutes.

Once the trout started to grow and the size of food increased the
small size of screen slots or holes became a problem as food and
waste built up around each screen encouraging ectoparasites and
Saprolegnia fungus to thrive. New screens were required but due
to expense and logistical problems of securing larger screens while
the tanks still contained trout, a system of 12 cm (diameter) plastic
pipes, drilled with 5 mm holes and placed over the standpipes was
devised. These pipes, obviously taller than the standpipes, were
not secured to the base of the tank and simply rested in the central

sump.

Great care was required when the tanks were cleaned and the standpipes
removed every morning. Minimal losses occurred due to accidental

escapement via the standpipe during cleaning.

The trout were fed by means of Danish clockwork belt feeders (Dansk
Brredfoder a.s. Brande). The belt which once extended to its maximum
length wound up the clockwork mechanism, pulled the belt back again
over a 12 hour period. The feeders, although bulky, were positioned
on each tank using dexian strips allowing food to fall onto the
water surface in the same position in each tank, namely where the

inflow pipe enters the tank.
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Once the trout reached approximately 9 months old, it was decided
they had become too large to be over-wintered in the 1 metre tanks,
the maximum biomass in the tanks reached 5kg/tank. Each tank contained
0.25m3 of water so the stocking density was 20kg/m3. Besides, no
fish were Kkept in the hatchery during the winter as the water was
required for egg incubation. In accordance to commercial practice
the trout were transferred to earthen ponds, whic.:h measured 33 metres
long, 5 metres wide and had a maximum depth of 1.6 metres. In 1983
all the fish (7,428) were placed in Pond 28. In 1984 half the fish
were stocked into Pond 29 and half into Pond 30. The duplicate
sets were placed in the two different ponds. 4,338 averaging 11.26
gms were stocked in Pond 29 and 4,370 averaging 11.68 gms were stocked

in Pond 30.

To follow the progress of the trout studied in the 1 metre tanks
it was decided to mark ‘individual trout and attempt to follow their

growth over the following winter and spring period.

Various methods of marking the fisl:l were considered. But the only
practical way of achieving any success with the equipment available
was to use the panjetting technique. This involves injection of
a dye, in this instance Alcian blue, into the dermis of the fish.
Alcian blue is indelible and remains visible for up to two years

(Johnstone, 1981).

Individual marking of the trout was attempted by panjetting fins
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and individual fin rays, but this turned out to be impracticable
due to the small size of the fish, and the inaccuracy and inconsistency
of the panjet itself. Body panjetting fish with individually recognis-
able marks was considered but not enough readable combinations of
spots could be ac.curately applied to the f£fish. As an alternative
a proportion ;)f fish from each tank (20%) were panjetted with a
batch mark. Fifty fish from each tank population of 250 individuals
was marked in 1983 and 1984. The same fish as had heen accurately

weighed and lengthed.

The trout were transferred to the ponds on 28th September 1983 and
on 10th October 1984, which were completely enclosed by 4 inch netting
to prevent predation from piscivorous birds. The trout were fed
at approximately 1% total biomass daily by a twice daily hand feed
in the usual manner adopted by the commercial side of the Howietoun
operation. The food consisted of Ewos Baker pellets No. 4 and No.

5 mixed.

The trout were netted out of the ponds during the following May
using a seine net, with the help of the fish farm staff, so the
operation had to fit in with the commercial running of the farm,
and could not be conducted at a comparable time each year.

The fish, once noetted out, were anaesthetised and separated into
panjetted and non-panjetted fish. The panjetted individuals were

then identified using key cards, and the weights and lengths recorded
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for the appropriate batch. Figure 3.7 illustrates the panjet spot
locations used for identifying the different populations. The
weights were recorded wusing a battery operated digital balance
which recorded weights to the mnearest gram. Fork lengths were

taken using a measuring board. Benzocaine solution was the

anaesthetic employed.

.

3.2.6 Husbandry

As mentioned, the trout were introduced to the syst;.m each year,
when the fish were coming on to the first feeding, swim-up stage.
Attempts were made to introduce the same number of trout to each
tank so that th-e initial density was identical. The number of
eggs was equalised at or near stocking to alleviate problems of
individually counting and handling the alevin first feeder, which
was not advised (Robertson, pers. comm.). An average weight was
obtained for each tank by wet weighing each batch of fry as they
were introduced. The fish were fed by means of the previously
described clockwork belt feeders. Every morning once each tank had
been partially drained and cleaned using a soft bristled brush, food

was added to the centre of the belt. The amount varied but was always

between 5 and 10% of the biomass of trout present in the tanks, this effectively fed
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Spot locations for
identifying batches of
fish. Only 2 spots
maximum were used for
any one batch mark.

Ventral view of trout
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.
the trout to excess every day. Due to the damp atmosphere in the
hatchery the very small particles .of‘ 'the fry and fingerling diets
tended to stick to tt;e belt, | Excess food was thus added to make

sure enough food was made available for trout.

The feeders worked well with only a few giving cause for concern.
Certain batches of fish effectively received slightly 1less food
than others, due to the inefficiency of the feeders on those particular

tanks. This will be discussed later in the results section.

In 1983 the food consisted of a mixture of three major trout feeds
namely BP, Fulmer and Ewos-Baker. It was mixed in equal proportions
and fed identically in all tanks. In 1984 and 1985 only Ewos~Baker

was used.

The size of food given varied during the year. In 1983 the fry.
diet initially seemed too large and the first feeders were having
difficulty taking the particles. A sample of the diet was ground
down even finer using an electric grinding mill. The fry took the
resulting finer particles more readily, but more food stuck to the
feeder belt. The process of reducing the initial food size particles

was repeated in 1984 and 1985. .

As the fry grew into fingerlings and then into parr the food particle
size was altered according to the recommended BP food chart for
trout (BP Publication, 1982). Due to the unequal average weights

of the trout in different tanks, the food particle size was always
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adjusted to the tank involved. By September every year the food

size varied from No. 3 to No. 4 (Ewos Baker).

Monthly. batch weights were taken to estimate the biomass 1in each
tank and thus enable the correct amount of food to be calculated.
The timing of these weighings was not crucial as food was being

fed in excess.

Accurate weights and lengths were taken for estimating heritability
of growth rates, in 1983, 1984 and 1985 at approximately similar
stages of development, at 5 months and 9 months after hatching.
The dates when accurate weighing and lengthing were taken was not
crucial because heritability estimates are only relevant for the
experiment under consideration, and canno£ strictly be compared

(Kirpichnikov, 1981),

In 1983 and 1984, fifty fish from each tank were selected at random
and anaesthetised (Benzocaine) and weighed and lengthed individually.
The fish were wet weighed to the nearest tenth of a gram using a
Mettler 400 balance, and measured at.5 months old with a micrometer
to the nearest half a millimeter and at 9 months old using a con-
ventional measuring board. The lengths recorded were all fork lengths.
In 1985 only thirty fish from each tank were measured because of

the smaller number of trout in each tank.

The first accurate weights and 1lengths were measured at the end

of June and the beginning of July in 1983 and 1984 respectively.
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But even after increasing water levels and flow rates, the stocking
density was thought to be potentially limiting in the future, so
each population was reduced to 250 fish per tank at the same time

as data frou fish was recorded.

The spare fish were incorporated into the commercially farmed stock

(1983 - 7,000; 1984 - 8,023).

A close watch was kept everyday for evidence of disease. Mortalities
were accurately recorded and examined for ectoparasites and possible
gill damage, using conventional skin scrapes and gill preparations.
Temperature was also recorded daily wusing a maximum and minimum
thermometer placed in one of the tanks. If the temperature rose

above 17°C feed was not given.

Gill damage was evident in 1983 when the alevin and first feeding
stages showed increased mortalities especially amonng the smaller
fish, The damage was caused by increased silt load and was a direct
result of three dirty spates that were experienced. The hatchery
had no filtering or settling system, and the silt could not be

avoided,

The young fish were treated with Roccal - to clean off mucus, detritus,
bacteria and food from the gills. Roccal was applied using a bath

treatment for % hour at lppm.
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Each year as the water t;.mperature increased in late spring, or
early summer, the trout stopped feeding and started ‘'flashing'.
Each time Costia were identified from skin and gill scrapes, along
with Schyphidia and Trochodina. These protczoen parasites were
successfully treated with a bath solution of 40% Formaldehyde at
a rate of 1:5000. Two or three treatments spread over a 3 week

period cleared the problem each year.

In July 1983, Ichthyophthirius was identified when the fish stopped

feeding and started flashing. This was successfully treated by
cleaning the system thoroughly and giving a bath treatment of Formal-
dehyde and Malachite green together. the former at a concentration

of 200ppm and the latter at 1lppm, for a period of approximately

% of an hour.

In 1983 numbers of fry died due to never coming on to feed. The
problem, producing fish known as pinheads, was thought to be more
accute amongst the smallest fry, which indicated the yolk sac may
have been completely wutilized earlier -than the yolk sac of the
larger fry, and by the time food was given, the smaller individuals
were effectively too weak to take the food. This was investigated
in 1984 when yolk sac utilization was monitored in three different
sizes of alevins. Small alevins come from small eggs, so a sample
of what were regarded as "small", "medium”" and "large" eggs were
kept separate to test the rate at which the yclk sac was utilized
in the resultant alevins. The growth of the fry was monitored

using 10 individuals every week. The length was measured and their
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total wet weight was recorded (dried briefly before weighing).
Each alevin's yolk sac was removed and weighed to the nearest milli-
gram. The alevins were not fed at all and the trial continued

until the yolk sac was thoroughly utilized.

In August in 1983 and 1984 fish were observed jumping in the tanks,
so0 to prevent the resultant possible problems this would create
certain procedures were adopted. The inflow pipes were 1lowered
to the bottom of the tanks, to prevent surface disturbance which
was thought to be encouraging the trout to jump. Black polythene
was stretched over half of each tank to give the fish some cover.
This alleviated the problem of fish jumping but effectively increased
the density .of fish in the tanks as more trout tended to maintain
position beneath the polythene. Exac.tly the same conditions prevailed
in each tank so partially covering the tanks did not significantly
contribute to variation in average size of the fish between

populations.

3.2.7. Analysis of Data

The estimation of heritability from half-sib and full-sib analysis.
Using the hierarchical design, a number of males (sires) were each
crossed with two females (dams). (For details of parental broodstock,
see materiais. and methods section). The progeny from each female
were split into two, yielding 2 tanks per female. Fifty offspring
were measure from each tank. The individuals measured thus formed
a population of half-sibs and full-sib families. The statistical

model used in the hierarchical design scheme assumes that the individuals
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were chosen at random from the reference population and that the
inbreeding coefficient was zero. Statistical model (Becker, 1975)
balanced design.

U+ 1i+Bij+t¢t + eijkl

Yk T 1jk
where Yijkl is the record of the ith progeny in the km tank, of
the j-th dam, mated to the i th sire; U is the common mean;

i = effect of the i th sire; Bij is the effect of the j-th dam
mated to the i th sire, tijk i1s the effect of the kth tank in which
are progeny from the j th dam mated to the i th sire; and eijkl

= the uncontrolled environmental effect and genetic deviation attribut-

able to the individuals.

The analyses of variance was divided into observational components
attributable to differences between the progeny of differer}t males
(the between-sire component), to differences between the progeny
of female mated to the same male (between dam, within sire component)
and to differences between the progeny in tanks derived from the
same female (between tanks, within dam component) and to differences

between individual offspring (within-progeny component).

Table 3.8 illustrates the form of the analysis.
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Table 3.8
5 M (Expected)
e df juare Composition of mean square
Between sire s-1 Mss = Uzw + KDZa + aKBzd + dakﬂzs
Between dams s(d-1) Phd = Ggw-PKB%a+ dﬁgd
(within sires)
Between tanks sd(a-1) Pha = GAJi-KBZa
(within dams)
Progeny within tanks sda(k-1) Mgw = ng
where s = number of sires
d = number of dams per sire
a = number of tanks per dam
k = number of fish measured per tank

The mean square for 'within progeny' is equal to the within-progeny
. 2

variance component O w but the other mean squares are not equal

to the appropriate variance component. Table 3.8 shows the composition

of the mean squares 1in terms of the observational components of

variance. The variance components are thus estimated using the

following equations.

Mss - Msd)/dak

Sire component (Ozs)

Dam component (Ozd) (Msd - Msa)/ak

Tank component (Oza) Msa - Msw/k

Withih tank
component

(sz) Msw
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The estimate of total phenotypic variance is given by the sum of

observational components

0‘2T Ozs + 02d + Oza + 62w

The components of Ozd and 0‘25 are estimates of genetic variances.
The progeny of a dam being full-sibs and the progeny of a sire,
within dam effects removed, being half-sibs (Becker, 1975). Each
of the variances 02s and sz contains one quarter of the additive
genetic variation of the parents (Kirpickﬁikov, 1981). Heritability

estimates can be derived from the variance components thus

Sire heritability h2s = 4 O’ZS or 4 Ozs
0'25 + Ozd + Ozw OZT
Dam heritability hzd = 4 O‘Zd
0‘2T
. 2 2 2
Sire + Dam_heritability h ctd™ 2(0°0 + 9°d)

o’

To determine standard errors for the heritability estimates obtained,
the following procedure devised by Anderscn and Bancroft (1952)

was employed. They showed that a satisfactory approximate of standard
error can be calcuiated, provided the degrees of freedom associated
with the numerater mean squares are moderately large. In this study

the degrees of freedom are regarded as very large indeed and thus
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this method is acceptable.

- The standard errors then are:

40’2s

‘a) when h2s

4025

st + Uzd + Ozw 02p
2
O(h°s) . 4A
02p
where A = 2 Mss®  + Msd?
2
K 2 ns + 2 nd + 2

A = S.E. of variance

4 0%d
#p

b) when hc12

O’(hzd) = 4B

o’p

where B = 2 Mszd + Msa2

KZ3 nd + 2 na + 2

B = S.E. of variance
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c) when h2 = 2(632 + Ozd)

Ozp

gm?)y  2¢a% + 82 + 20)

o’p

where C = - K1 B2 -2 (Msw)2
- 2
K2 NwK 3

C = S.E. of variance

ns, nd and nw are degrees of freedom associated with the sires,

dams and offspring sums of squares respectively

Kl - number of dams/sire
K2 - number of progeny/sire

K3 - number of progeny/dam

When the factoral design was employed the following statistical

model was used (Becker, 1975).
Yijk = P +ocd + Bj + (XB)ij + eijk

where Yijk is the observation of the k-th individual from a mating
of the i-th sire with the j-th dam; P is the common mean; i is
the effect of the i-th sire; Bj is the effect of the j-th dam;

(CXB)ij is the interaction of the i-th sire mated to the j-th dam;

eijk is the environmental and remainder of the genetic deviations.
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When the Factoral crossing design was employed the calculation

the expected mean squares

and variances was different.

of

Source df Mean square Composition of expected mean square
Sire s -]: Mss 6%w+-KE§d4-K§FS
Dam d-1 Msd 8%;4-Rﬁﬁd-rkﬁﬁzd

2
Sire/dan (s-1Xa-1)|  Mesd P + KO o
interaction
Progeny sd(k-1) Msw sz
where s = number of males
d = number of females
k = number of progeny/tank

The various components were calculated as follows

Sire component 02s =
Dam component sz =

Sire Dam interaction sz
s

Progeny component Ozw

Total phenotypic component

The heritability estimates were calculated in the

MSs-MSsd/sk
MSd - MSsd/dk

MSsd - MSw/k
MSw

02'1‘ = st + G'Zd + G‘st + O‘Zw

for the hierarchical design model, e.g.

same manner as
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hzd = 4 02d

GZT

hzsd.= 2 (Ozs + O;d)

6%t

Standard errors were also based on the method employed by ‘Anderson

and Bancroft (1952).

3.3 Results

3.3.1. Results using hierarchical breeding schemes

The results are organised as follows. For each accurate weight
or length taken for the years 1982-1983 and 1983-1984 a table is
presented, laying out the simple statistics. derived from the measure-
ments. The tables include the following information: minimum, maximum,
mean, standard error, variance, standard deviation, range, kurtosis

and skewness, along with an indication of the relevant tank number
and from which female the progeny were derived.

Following each simple statistical table there is an analysis of
variance table along with the resulting heritability estimates for
that particular weight or length at that particular time, along

with the appropriate starndard errors.

All the analyses give high heritabilities (which will be discussed
later) but due to the nature of the test there is virtually no other

statistical information directly available concerning differences
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observed between tanks, dams or sires.

The Fisher's F test can be used to identify significant levels in
the anova, and is calculated by dividing the mean square for one
level in the anova table by the mean square of the level below.
The figures obtained are then compared to 1 tail F table and by
using the correct deérees of freedom, listed in each anova table,

one can identify which levels of the anova contribute significantly

to the variation observed.

The F values obtained for each level are 1listed at the right hand
side of the anova tables along with an indication whether the value
is significant or not.

When a significant F value has been calculated one still knows nothing
about the particular level in the anova table, for example one does

not know which tanks or which females have given rise to significantly

different sized progeny.

Duncan's multiple range test (1955) was devised to identify whether
a set of mean values were significantly different from one another.
The test is performed using mean square values obtained from analyses
of variance tables. One only uses the test, when the level in the
anova in which one is interested, is significant and this is established
by use of the F-test statistic already described. At the bottom
of each anova table, the relevant mean, overall standard deviation,

and coefficient of variation are given.
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Coefficient of variation (CV) is a useful parameter for judging

the magnitude of wvariation. It expresses the ratio of phenotypic
standard deviation to the mean of the trait in question (CV = (ep/i)loo).

The CV enables one to compare the sizes of variances of different

trials.

Following each Anova -‘table is a graph illustrating the means of
the particular weight or 1length ranked in order, along with the
relevant standard deviation. Along each x-axis are the tank numbers
and the relevant female number. Above the graph is a series of
lines representing visually the results from a Duncan's 'multiple
range test (1955) performed on the data set. The tanks which have
a common line under-ruling ‘them 'are not significantly different

from one another.

To illustrate the variation in growth b;tween the trout populations
in the 1 metre tank system, Figure 3.20 shows the tanks with the
largest and smallest mean weights with their respective duplicates,
from the Howietoun and Leven trials. Figures 3.21 and 3.27 illustrate
the growth of the same populations after they have been transferred

to the earth ponds.
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Figure 3.15 Histogram of ranked means for each tank population at weight
(2) in the Leven trout trial with standard deviatioms.
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Figure 3.14 Histogram of ranked means for each tank population at weight
(3) in the Leven trout trial with standard deviations.
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Figure 3.19 showing histogram of ranked means for each tank population

at length (3) in the Leven trout trial, with standard
deviations.

1

1

tankt 3524 6 28 13 9 21 16 36 1 17 2012 7 15 31 2 2614 253411 3 8 27 18 3023 3322 5 10 3229 4 19
91119 9 21414 7 3 2 813186 5133 64 41817 512 7 10121716 16 8 15 15 10 1 N



179

10119 pIepuerls + 23IeWTISS (Jusuodmod wep) AIT[TQeITISY = IS + P N:

10119 piepuels + 231eWTISd (Jusauodwod d1FS) LITTTqeITIdY = JS + wN:
smu8 ut IYSTOM
fUOTIRTIRA JO QUITITFIS0D = AD ¢UOFIBTAIP pievpuels = Q fueauw = ¥ smd> uf Yyisus]
§90 O¥TT 8T “ 6 8Z6°0 + T€9°0 SOY°0 + 8¥y¥"0 9°8¢  T°LT  88°GY (€) IysTom TRTIL
sqo 08T 8T 6 GIZ°0 + 92Z%¥°0 80S§°0 + 198°0 ¥'6E 1IS"Y €y° 1T (z) ustem TeTIL
sq0 008T 8T ¢ 6 €Yy%*0 + £€68°0 2C9°0 + L8L°0 T°0Z 0€°0 16°1T (1) ystem TeTIL
sqo OvIT 8T * 6 Z9E€°0 + L69°0 LI¥°0 + Tzv°0 8°ZT SO°C 86°ST (¢) Yy3IsusT TeTiL
sqo 0081 8T ¢ 6 Z9Z°0 + 826°0 60S'0 + §8.°0  v°¢T 1Z°1 LL"6 (z) yasuaT TeTil
sqo 008T 8T ¢ 6 966°'0 + €%¥Z°T  L9S°0 + ¥8€°0 Z°9 ze0 61°6 (1) Yy3susT TeTiL
usAa8]
sqo 0%8 1 ¢ L  6TT°0 + 080°0 6%¥€'0 + ¥98°0 T1°9¢ €Z°8T 0S°0S (¢) ysTOM TETIL
sq0 QO%T yT ¢ L LYE°0 + 899°0 T99°0 + L06°0 C'0E ¥E'¥ or° %1 () y3Tem TeTIL
§q0 00¥T yT ¢ L 86L°0 + 2¢G0°T 00L°0 + TI¥'0 6°%T SZT'O L9°1 (1) 3uSTom TETIL
sqo 0v8 9T ¢ L Z10°0 + 850°0 9T%¥°0 + 9¥.°0 L°€T 02°C 0°9T (¢) u3asusT TeTIL
sq0 00%T yT ¢ L [82°0 + €660 069°0 + %O'T L'6 T0°T 0v°01 (z) yasusT TeTil
sqo 00%T T ¢ L' T8E'0 + €8§°0 L¥8°0 + ¥g'T G°¥ £2°0 £2°6 (T) 43Busy TeTIL
UNOJI9TMOH

Emsgﬁ”ﬁﬁwww MMWMM WM M + as + vws qs + m: AD 2 X I93swmeired

‘UOTIBTIBA JO IJUDTOTIJO0D pue UOTIBTASP piepuels ‘ueam 8yl Ajsweu ‘uorisenb ut x913umexed
aerndtized oyl o3 SBuTurelrsad UOFIBWIOIUT JUBASTSI I9Y30 saAT8 oste 1] *#8-€86T pue
€86T-286T UT sS3juswpiadxe ulysop TEOTDIIBIRTY oYl WOIJ PIATISP SIIBUTISD £3TTTqRITISY ¥yl €€°€ 9TIqel



180

ONIG334d 1suld

00Z 08L 09F Ovk OZF OO 08 09 op OZ O

0

©

0L

(44

vi

9l

81

oc

ce

AYIHL NNOLIIMOH

(SNNVL ALVYIIldNa LN3S3IudIY SHIEANNN)

sw6 LHDIAM

HLMOUYD

H3ldVv "SAva

0ZZ 00Z OBF 09, oObL OZF OOF 08 09 o o

61

ve
11

TvidL N3IAIT

0z €°1n814
NI S3IW3dLIX3

ot

ci

vi

ol

8t

0¢

ce

LHOIZIM



181

0ov

Q3ON3IWWOD DNIQ3I3d 1SHId H3Ildv SAva

00¢ 0

00l

ONId33d4 1SHId
H31ldV SAVG 0ZF¥ OL SIWIHLIXI HLIMOHYD

AHY3HOLVH

TVIEL NNOLAIMOH

oo

ot

oc¢
3
m
2
b+
-]

o€
[}
3
C]

oy

0s

09

0L

12€ @an8tg



182

(44

ve

SE

ooy

GION3IWWDO DNIGIId LSHI4 HILdV SAvVA

ooe

oot

H3l1ldv SAva ozy

ONIG334 J41SHId
Ol SINIULIXI HLMOHD

AH3IHOL1lVH

AVIHL N3IA3T

(AR

018

0C

ot

ot

0s

09

.'0L

2an8Tg

LJHOIIM

swb



183

There is doubt whether one can use Duncan's multiple range test
on final weights at the end of a growth trial if the initial weights
were statistically different. This appears to be the case in the
growth trials in this study. Another way of obtaining a converient
measurement to compare growth rates is to us; specific growth rate
(SGR). This is a statistic which expresses growth as a percentage

weight gain per day during the trial.

Loge (Wt2 - th)
SGR = x 100

where Wt2 and th are the weights at time t2 and t1 respectively.

SGRs can only be calculated when the slope of the gfrowing curve

to t,.

is linear or approximately linear throughout the period t1 2

The periods between the lst and 2nd accurate weighings in each of
the three trials conducted conformed to this requisite. The growth

during that period being linear.

Once the specific growth rates were calculated for each tank over
the three years, Duncan's (1955) multiple range test was employed
on the resulting data. The resultant estimates of significance
between SGRs are illustrated in Figure 3.23 for the first two trials

and in Figure 3.32for the third 'factoral' trial.

Like heritability there is little point in comparing specific growth
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Figure 3.23 Illustrating significant differences between SGRs
of progeny from different females
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rates from year to year or from trial to trial, because different
environmental conditions will prevail each year giving rise to possibly
different specific growth rates as well as different heritability

estimates.

It was felt that an assessment of the mean weights and lengths derived
from the duplicate pairs of tanks would give information concerning

the magnitude of the tank effect.

To this end t-tests were performed on the pairs of means. The t

test used is given below.

t-test

d - difference between means = xl - X2
SE of that difference 2 2
. S S
1 2
+
Nl NZ

Where Sl2 and 322 are the variances of the populations/tanks

N1 and N2 are the number of individuals measured in each population/tank
X1 and X2 are the means of the populations being compared.
Table 3.34 1lists the t-tests performed on the means of weights and

lengths of 50 individuals taken from each tank and the respective

duplicate tank. There were a considerable number of duplicate pairs
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that were significantly different from each other (P = 0.05) at
the first accurate -measurement, especially in the Howietoun trial
but it appeared that by the second accurate measurement the differences
between the duplicate tanks were small, with few pairs of tanks

being significantly different from one another.

Some of the differences can be explained by 2 distinct problems.
(a) Faulty feeders, and

(b) human disturbance.

During the Howietoun trial the automatic feeder on tank 23 was

defective and for a period of over six weeks consistently gave less
food than required. During the Leven trial the same situation occurred
with the feeder on tank 27. This explains the significant difference
found between tanks 15 and 23 in the Howietoun trial and tank 16
and 27 iﬁtthe Leven'trial. While the Howietoun trial was in progress
human interference was kept to a minimum but during the Leven trial
due to circumstances beyond my control, the tanks adjacent to the
entrance of the hatchery were disturbed frequently by visitors to
the farm. The fish stopped feeding for periods after disturbance
and this is the reason thought to be responsible for the significant
differences between tanks pairs 1 and 12 and 2 and 36. Both tanks
1 and 2 are adjacent to the hatchery entrance, and both these tanks
had mean weights and lengths that were significantly 1less than

their corresponding duplicate tank. -

Apart from these problems it was shown that the tank effect on variation

was not as significant as had been first thought. It was decided
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on the basis of these figures that the factoral trial planned for

1985 could go ahead, with no duplicate tanks.

The t-tests performed on the fish once they had been in the earth
ponds over winter gave interesting results. Slightly more significant
differences occurred between duplicate populations of fish, but
the situation regarding the majority of duplicate pairs "remained
similar to that found at the second accurate measurement (28 out
of 32 pairs remained the same).

3.3.2 Results using Factoral breeding scheme

The results for the 1985 diallele cross growth trial are presented
in the same form as for years 1982-83 and 1983-84. A statistical table
illustrates each accurate measurement, followed by a reproduction
of the relevant Anova table with the calculated growth heritability
estimates. Two sets of graphs then illustrate the difference in
growth partially attributable to each male broodstock and each female
broodstock. The mean values for the particular parameter are ranked
in order with their appropriate standard deviations for each female

crossed with the 6 different males, and each male crossed with the

5 different females.

Above the sets of histograms are a group of lines representing the
results of Duncan's multiple range test. This indicates that there
are considerably significant differences between progeny of the
same male crossed with the 5 different females and between the same

female crossed with the 6 different males for each of the accurate

measurements taken.
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Figure 3.32 Illustrating differences between the SGRs of progeny from
different factoral crosses

Factoral Trial

0" Number 9 Number SGRs Duncans

3.15
3.01
2.99
2.93
2.89
2.87
2.81
2.80
2.78
2.74
2.68
2.68
2.62
2.59
2.58
2.58
2.55
2.54
2.51
2.48
2.47
2.34
2.32
2.31
2.31
2.30
2.27
2.21
1.99
1.97
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Specific Growth Rates were calculated using the first accurate weight

as Wt., and the second accurate weight as Wt

1 The results are given

2°
in Figure 3.32 and illustrated by Figures 3.33 and 3.34 ., Figure
3.33 shows the SGRs ranked for each dam. The lines above both sets

of histograms represent the signif;cance lines from Duncan's multiple

range test (1955).

From Figure 3.34 it can be seen that the SGRs calculated for sire
two are much larger than for sires three and four. Sires one, five
and six exhibit not dissimilar SGRs and intermediate between two
and three and four. From Figure 3.33 it can be seen that the SGRs
calculated for dam three are larger than for dams one and four.
Dams two and five exhibit not dissimilar SGRs intermediate between

dams three and one and four.

Figure 3.35 1illustrates the ranked weights partially attributable
to each broodstock, derived from figures available from the anova

undertaken using data from the factoral cross.
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3.3.3 Summary of results

The heritability estimates for growth rate using the hierarchical

breeding schemes were exeptionally high. (Table 3.33)

The standard errors on the heritability estimates are high.

The female heritability components for weight and length in
the Howietoun trial became less pronounced, especially at measure-

ment (3).

The male heritability component for weight in the Howietoun

trial became more pronounced as the trial progressed.

The male heritability component for length- in the Howietoun

trial remained high throughout the trial.

The female heritability component for weight in the Leven trout

trial dropped from 0.89 to 0.63, as the ﬁrial progressed.

The male heritability component for weight in the Leven trout

trial dropped from 0.78 to 0.45 as the trial progressed.

The female heritability component for length in the Leven trial
dropped from 1.24 to 0.52 as the trial progressed and then again
to 0.70 at measurement (3). The figure of 1.24 obtained for

the first accurate length taken is one of the largest heritability

estimates found.
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The male heritability component for length on the Leven trout
trial was lower than the corresponding female component figures
calculated. The heritability started at 0.38 rose to 0.78 at

the second accurate measurement and declined again to 0.42 at

the third.

The heritability -estimates for growth rate using the factoral

breeding scheme were even higher than those derived from the

hierarchical breeding scheme.

The standard errors were also very large

From the 16 pairs of heritability estimates (factoral and hierarchical

included) the dam heritability components were larger than the
sire heritability component on 8 occasions, and the sire
heritability components were larger than the dam heritability

components on 8 other occasions.

The highest dam heritabilities were obtained at the beginning

of each trial.
The highest sire heritability estimates were obtained also at
the beginning of the trials, but -the sire components remained

consistently high to the end of each trial.

Coefficient of wvariation was much larger for weights than -for

lengths.

Coefficients of variation increased as the trials progressed.



17.

18.

214

This was consistently the case, whether weight or length was

being considered.

According to Duncan's (1955) range test there were significant
differences between the means of many of the tanks of fish studied
during the three yearly trials. These differences were apparent
at the first accurate measurements in each year and highly signi-

ficant differences were observed throughout the trials.

If one compares the results for the first two trials obtained
from calculating specific growth rates (Figure .3.23 ) and the
histograms illustrating the final weights in each trial (Figures
3.10, 3.16) it is apparent that the tanks and females exhibiting
the best and worst SGRs correspond with the largest and smallest
final mean weights. The Duncan's (1955) .multiple range test
gives similar statistical results whether SGRs or final weights

are used.

The SGR values for fish in the sets of duplicate tanks are much
less significantly different than the mean final weights of
the fish. The Duncan's multiple range tests indicate for the
first two trials that only one duplicate pair of tanks out of
thirty two exhibited significantly different SGR values (Figure
3.23) that being female number 6 in the Howietoun trial, tank
numbers 4 and 22. There were no duplicate tanks in trial three,

each tank being effectively a separate experiment.
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19. The t-tests berformed on mean weights and ;engths from duplicate
" pairs of tanks showed significant differences between each
member of a duplicate pair more frequently at the beginning
of the first +two trials, but the differences became less as
the trials progressed (Table 3.34 ). At 5% significance level
(P = 0.05) 75% of the duplicate pairs showed no significant

' difference between their mean weights after being kept in the
tanks for over six months. Over 80% of the duplicate pairs
showed no signiéicant difference between their mean lengths,
after being kept in the tanks for the same period. Because
of this high level of uniformity between the duplicates, it
was felt that the factoral breeding scheme could take place

3

without duplicates.

20. SGRs calculated for the third trial .based on weights .taken
at the first accurate measurement and the second accurate measure-
ment reflect the same situation as was found in the first two
trials. The fish which had the largest final weights (Figure
3.26, 3.27) came from tanks that exhibited the highest SGRs (Figure
3.32) and fish which had the lowest final weights came from tanks

that exhibited the lowest SGRs.

21. The ranked order of weight changed as the trial progressed,
reflecting the differences in the SGRs attributable to each

broodstock.
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The ranked order of weight attributable to each broodstock

changed as follows:

o Q
Wt (1) Wt (2) We. (1) Wt (2)
33— 3 5 ‘ 2
2 5 2 1
1 2 1 5
5 1 6 — 6
4 —— 4 4 ————— 4

Where 1 = Leven (1) 1 Nashua (1)
2 = Howietoun (1) 2 Nashua (2)
3 = Howietoun (2) 3 Leven (1)
4 = Leven (2) 4 Leven (2)
5 = Nashua (2) 5 Howietoun (1)

6 Howietoun (2)
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3.4 Discussion

3.4.1, Discussion of heritability estimates

The heritabilities found for growth rate in this study are higher
than most other studies of salmonids. From Table 3.33, listing the
estimates for heritabilities calculated from the hierarchical design
scheme and from Table 3.43 listing the estimates of heritability
calculated from the factoral design scheme, sire estimates range
from hz = 0.38 + 0.56 to 1.56 + 1.13, and dam estimates range

from hg = 0.08 + 0.12 to 1.44 + 1.00.

Gjedrem (1983) calculated average heritability estimates for growth
rate in a number of fish species, based on published sire heritability
for body weight of juveniles he reports as being rather low for
Atlantic salmon (hZS = 0.08), rainbow trout (hzs = 0.12) and carp

(hzé = 0.15), but higher in channel catfish Thzs = 0.42) and oysters

(hzS = 0.36). Heritability for body weight of adults, Gjedrem
(1983) reports as being higher than for juvenile fish (rainbow
trout hzs = 0.17, Atlantic salmon h2S = 0.36, carp hzs = 0.36 and

channel catfish hzs = 0.49).

Gjedrem (1983) found body 1length showed varying heritabilities

from low to medium in large Atlantic salmon (average h2 = 0.41)
and medium in oysters (h2 = 0.47) to high in channel catfish
m? = 0.6 ).

The majority of heritability estimates calculated in this study
are larger than Gjedrem's estimates for juvenile salmonids. Although

Gjedrem (1983) reviewed the literature, estimates calculated since
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1983 will obviously not be included. Bailey and Loudenslager
(1986) using different stocks of Atlantic salmon in New Brunswick
produced estimates of heritability for growth which were larger
than those‘ found in the 1literature b; Gjedrem (1983). Summary
of their results appears in Table 3.1 in the Introduction. hi ranged
from 0.73 to 0.79 for length and from 0.67 to 0.89 for weight.
The hzd values were ‘even larger. Iwamoto et al., (1982) working
with Coho salmon also produced heritability estimates for growth
larger than normally reported for salmonids (see Table 3.1 in the
Introduction). The sire heritabilities for weight dropped from
0.61 + 0.31 to 0.25 + 0.22 in their first experiment while the
dam heritability for weight remained constant (hzd 0.65 + 0.21
to 0.67 + 0.22). The heritability for 1length followed the same
pattern. These results suggest a moderate to high heritability

for growth rate especially when weight is the parameter measured.

They also suggest a strong maternal effect but this will be discussed

later.

Robison and Leumpert III (1984) working with brook trout also produced
a large heritability estimate for growth (weight at 243 days,

hzs = 0.60 + 0.27 and h2

q = 0:37 = 0.22). Therefore recent estimates
for juvenile salmonid heritability for growth rate tend to suggest
that the genetic variability for this trait is greater than previously
thought, at least for the species involved, and that because of

this, there is excellent potential for future genetic gains. These

findings are more in agreement with the estimates calculated in
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this study, although they are still on the wh;le higher, especially
those derived from the factoral m;ting scheme. - The broodstock
for this trial were taken from three different "strains" of brown
trout, and thus the potential variation for production traits such
as growth rate will be higher than if one took broodstock from
a single strain as was done for the Howietoun and Loch Leven trials.
It is therefore not “surprising to find the heritaBility estimates
are higher. It should be pointed out that very small numbers of
broodstock were used. By the nature of the factoral design,

originally 36 (6 x 6) different crosses were produced, and as 36
tanks was the total extent of the research facility it was impossible

to use any more broodfish:

Another reason for the exceptionally high heritability estimates
derived from the 'factoral design' trial is the problem of level
of domestication in each separate strain of trout used. Domestication
causes genetic changes in behaviour, morphology and physiology
by eliminating genotypes which are unsuited to hatchery environments
(Doyle, 1983). It was noted during this study that progeny derived
from Loch Leven brown trout stock were much easier to scare in
the 1 metre tanks, and it took longer for the fish to settle down
and feed once the tanks had been cleaned, than it did for progeny
derived from the Howietoun stock. This became even more obvious
in 1985 in the factoral cross, when progeny derived from purz -
Leven x Leven stock were shown to be far more 'tank shy' than fish
derived from either the Howietoun or Nashua stocks, both with

long histories of domestication. This 'tank shyness' will obviously
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effect the growth rates adversely and increase variability for

the trait thus increasing the heritability estimate for it.

3.4.2. Trends in heritability estimates as the fish grow

In contrast to the findings of Gjedrem (1983) the heritability
estimates for weight and length in this study, tended to decrease
as the age of the fish increased (see Tables 3.33 and 3.43 ) but in
agreement with Iwamoto et al., (1982) and McKay et al., (1986)
who also recorded a decrease in the heritability estimate for growth

as the fish grew older.

Bailey and Loudenslager (1986) recorded large values for growth

rate heritability (using weight) at 12 weeks old in Atlantic salmon
2 .

(h s = 0.89 + 0.32) which decreased at six months (h2s = 0.40 +

0.26) but increased again at 15 months (h2S = 0.67 + 0.32).

3.4.3. Explanation for high heritability estimates for growth rates

Where both sire and dam heritabilities are available for growth
rate in Table 3.1 in the Introduction, there are 8 estimates for
sire component which are higher than estimates based on dam components,
10 estimates are approximately equal, and 35 dam estimates that
are higher than the correspondiqg_sire component. From the summary
of results, in this study, it can be seen that 8 estimates of sire
heritability are higher than the corresponding dam component and
8 estimates of dam heritability are higher than the corresponding

sire component.
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It may be concluded that there is some non-additive genetic variance
or maternal and common environment variance contributing to the

growth rate in the fish populations studied (Gjedrem, 1983).

The dam estimates may be biased upwards by non-additive genetic
variances, including. common environment variance, maternal genetic
effects and covariance between maternal genetic and additive genetic

effects (Kirpichnikov, 1981; Gjerde, 1986).

The environmental effects in the present study are dealt with to
a certain extent by the tank effect in the analysis of variance
at least for the hierarchical design trials. This reduces the dam
heritability and variance component because when calculating variance
for the dam, one subtract; mean squares for the tdnks effect from
mean square for dams. This still leaves hzd surprisingly high.

Maternal effects in salmonids cannot be easily disregarded because
of the 1large amount of yolk deposited by the female in each egg,
which sustain the nutritional requirements of the embryo until
well after hatching (Iwamoto et al., 1982). It is unclear as to
how these effects persist in various species, although Iwamoto
et al., (1982) indicate that maternal effects may be present up
to 90 days post fertilisation, in coho salmon, studies with rainbow
trout indicate maternal effects related to egg size are similarly
important and may be 1long  lasting (Gall, 1974; Kincaid, 1972).
Chapter 5 is concerned with identifying correlated
traits for growth and survivai in this study, which include maternal

effects.
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Robison and Luempert .fII (1984) working with brook trout, indicate
that non-additive genetic variance was of considerable importance
for all developmental stages except fertilization, and high herit-
ability for fingerling weight estimated from the dam component
may be explained by maternal effects. Fingerlings were weighed
144 days post fertilization but only 35 days after first feeding,
so that 76% of their life, they were dependant on the yolk exclusively

for nutrients (Robison and Luempert -III, 1984).

The conclusion from these workers is that the closer the estimate
of heritability for growth rate is to fertilization or first feeding,
the more likely maternal effects will be significant, boosting
the heritability estimate for the dam component higher than it
should be. Gjedrem (1983) therefore suggests that sire components

of heritability estimates are usually more reliable.

Of the six heritabilities in this study measured at the first accurate
weighing which represented in the first year 108 days after first
feeding, in the second year 112 days after first feeding and in
the third year 104 days after first feeding, four dam heritability
estimates were larger than the corresponding sire heritability

estimate, indicating a maternal effect was probably still present.

But as measurement (1) did not take place until the trout had
been in the 1m tanks for over 100 days, maternal effects may well
have become less. Further extensive work is required at an earlier

age to elucidate the extent of maternal and non-additive effects.
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The hierarchical complex, according to Kirpichnikov (1981) does not
allow the variance resulting from the interaction of genotypes
of sires and dams to be singled out. This variation is an integral
part of the Ozs and sz terms. This causes decreased precision

of heritability determination using the breeding schemes.

A more unusual aspect of the heritability estimates in this study
is the high hzS values recorded which on 8 occasions were higher
than the corresponding h2 estimate.

d

The reason why hZS:> h2 is that 628':> Bzd, which means that CoV

d
half-sib>CoV full-sib - CoV half-sib (Falconer, 1981) i.e. resemblance
of half-sibs within sires is much greater than resemblance of full-
sibs within dams. There are two explanations for this. The first

is that there are for some reason larger genetic differences between

sires than dams.

The second is that there is big variations within dams of a
compensatory kind (perhaps due to competition for food). But the
high variation within the dams is not reflected in a wvariation

between dams within sires.

As only a very few broodstock have been used in the trials, it
is possible by chance that a couple of pairs of females with similar
characteristics (such as producing small eggs) have been each crossed
with one male artificially accentuating the role of the male especially

in influencing the growth of offspring at the beginning of each
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trial. If this occurred, the heritabilities based on sire components
will be artificially high. A better design would be to use far
more sires and cross each with at least three females to minimize
this effect,. Kirpichnikov (1981), Gunnes and Gjedrem (1631) and
Gjedrem (1983) all make reference to the problems of using too
few sires in heritability experiments. Falconer (1981) regards
the main cause of errors as being assoclated with the technical
problems related to growing of a large number of different offspring.
Kirpichnikov (1981) regards high growth rate heritabilities as
an exception rather than the rule, and blames such estimates on
"methodological inadequacy" which has led to a very high variance
between "different batches". Kirpichnikov (1981) cites a number
of experts in mathematical genetics who have pointed out that
bias in heritability is unacceptably high. He cites authors
(Nikora and Vasilyeva, 1976) who recommend that only regression
coefficients, the parent-offspring correlation, and correlations
between sibs and half-sibs within each class EEpuld be calculated.

The high estimates revealed in this study reflect so called methodo-
logical inadequacies, in so far as there was not enough space in
the hatchery to conduct trials that were more representative and
where more broodstock could have been used. This is a common fault
in many trials undertaken (Gjedrem, 1983), but is an insurmountable
problem considering the restrictions involved. Kirpichnikov (1981)
observes that although many heritability estimates are* inprecise
for a number of reasons, they do "in many cases give an unequivocal

picture of the level of genetic heterogeneity within a population,
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<

at least with respect to the additive variation, used in mass

selection of fishes."

The herifability estimates in this study are probably biased due

to
1. Lack of broodstock numbers, especially sires.

2. Domestication of Howietoun and Nashua strains compared to the

wild Leven strain.

3. Husbandry - especially preferential feeding of larger individuals

once the fish were placed in the ponds.
4, Sampling errors.

The results still indicate a high 1level of genetic variation for

growth rate in the stocks studied.

3.4.4., Differences in heritability from year to year

All the heritabilities for growth were found to be high, but varied
from year to year. Bailey and Loudenslager's (1986) heritability
results derived from work carried out with Atlantic salmon illustrates
that the heritability estimates for the same traits can be markedly
variable when they are determined in different years and in different
populations, despite the efforts to standardise environmental
conditions. Bailey and Loudenslager (1986) explaip such differences

as being due "in part to husbandry effects, levels of domestication,
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differences among stocks and/or sampling".

Falconer (1981), Kirpichnikov (1981) and Gjedrem (1983) warn that
it is not valid to compare heritabilities when the fish have been
grown in wdifferent trials with different sets of environmental
conditions. Even within the same research facility it 1is strictly
not valid to compare’ the results of heritability trials. In this
study the environmental conditions were kept as near identical
as possible, but the water temperatures in the 3 successive vyears
varied dramatically, altering feeding regimes, flow rates, and
thus growth rates. See Figure 3.36, which graphically represents
daily maximum water temperatures experienced during the three yearly
trials. It can be seen that from the end of June onwards the water
temperatures varied ;onsiderably. 1985 was an exceptionally cool,
wet summer, unlike 1983, when the Stirling area experienced unusually
warm, dry conditions. Therefore valid comparisons can be made

between growth of trout in tanks in the same year but not between

years.

3.4.5 Standard Errors

In common with many reported heritabilities (Gjedrem, 1983), the
standard errors in this study are large. Falconer (1981) points
out that the stardard errors associated with heritabilities are
normally large, being caused by the design of the experimental
layout rather thatl any significant characteristic of the populations

studied. Becker (1975) observes that standard errors are always
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high when small numbers of sires and dams are employed in heritability
trials. This agrees with recent observations made by authors involved
in heritability estimations, who found very large standard errors
when using small number of sires (El-Ibiary and Joyce, 1978; Klupp,
1979; Refstie, 1980; Busack and Gall, 1983). Gjedrem (1983) states
that "heritability estimates based on less than five sires or five

full-sib groups are considered to be of little value".

These comments are justified, but one has to accept vast problems
with estimating quantitative genetic traits (Kirpichnikov, 1981)
in fish strains or populations as already mentioned. The associated
large standard errors are an inevitable consequence of heritability
estimation trials conducted in the manner shown in the study (Hill,
pers comm). One has to obtain as mucﬁ information from the data

collected, even though it may be limited.

3.4.6. Coefficient of Variation (CV)

The coefficient of variation enables one to compare the size of
variances of different traits and different species. Gjedrem (1975)
compared CVs from different traits with data from farm animals.
The size of CVs for growth rate in cattle, sheep and pigs varied
from 7 to 17%. In this study the CVs are very high for body weight
for all stages studied. CVs range from 14.9% to 39.4%. This is
in general agreement with the coefficients of variations calculated
by Gjedrem (1983) using previously published data from different
species, CVs for weight ranged from 22% in adult rainbow trout

to 78% for juvenile Atlantic salmon. Gjedrem (1983) noted that
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CVs for body weight tended to be higher for young fish compared
to older f£fish. In this s.tu,dy, the exact opposite is true. In
each trial CVL;, increased as the fish became larger and older.
For the Howietoyn trial, CVS for weight started at 14.9% and increased
to 36.1%. For the Loch' Leven trout trial., CVs for weight started
at 20.2% and increased to 38.6% and for the factoral design trial
the CVs for weight rose from 24% to 36%. The probable reason for
the first two increases is that at the beginning of each trial
the environment was actually under more precise control; stocking
densities, feed rates and water conditions were all similar. Once
the fish have grown to a certain extent they were transported from
the ]l metre tanks and placed in earth ponds. Densities changed,
and the effective amount of food available to the smaller fish,
whether they were sibs, half-sibs or completely unrelated, dropped
due to competition with the larger individuals. The size of the
pellets fed to the trout in the ponds tended to discriminate against
the smaller fish. The trout were fed according to the farm's
commercial practice of feeding with pellets suitable for the lz;rger
individuals in the pond population. The food consisted of commerical

rainbow trout or salmon pellets, a diet not necessarily correct

for brown trout.

In 1985, the trial ended before fish were transported to the earth
ponds so the increase in CV cannot be connected with the reasons
given above. In 1985 the number of fish per tank was not standardised
effectively when they were introduced to the tank system at the

first feeding stage. In 1983 and 1984 the large numbers of eggs
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originally laid down left scope for mortalities and enabled identical
stocking densities to be introduced. But in 1985 because of reduced
numbers of eggs per batch laid down under the factoral breeding
- scheme, and subsequent mortalities in some batches, stocking densities
could not be standardised. This could account for the CV Encreasing

from weight (1) to weight (2).

Another reason fpr large CVs is connected with the concept of natural
hierarchies being set up in fish populations. Kirpichnikov (1981)
.cites examples, where if the largest fishes, known as shooters,
are removed from a population, and intensive competition for £food
continues, other individuals rapidly occupy their place. He calls
them "random winners of the food competition". These successful
fish only exhibit minor genetic -differences from other members
of the community (Kirpichnikov, 1981). This situation both in
the tanks and earth ponds probably led to an increase in CVs for
weight, although feeding regimes were designed, in. the tanks at
least, to feed the trout in excess, which should have partially

eliminated the problems of shooters.

Coefficient of variation for body length in fish is quite low accord-
ing to Gjedrem (1983) who gives estimates of between 9% - 23% as
average for rainbow trout and Atlantic salmon. The CVs £or length
in the three trials in this study ranged from 4.5% to 13.7%. But
again they rose in each trial as the fish grew older (see Tables
3.33 and 3.43). The reasons for this are the same as for the increase

in CV for weight.
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There was evidence to suggest that shooters were present in some
populations, not only by visually observing the fish in the tanks
and when sorting the pond grown trout, but in the form of skewness
estimations for each population which are given in the results
section. Skewness is a measure of how near the weights and lengths
of a given population of fish equates to a normal distribution.
Most of the distributions equated well to the normal distribution
but some tanks contained shooters exhibited by a tail to the right
in the distribution pattern. Histograms for all the populations

are available on request.

It is reported (Falconer, 1981) that heritability estimates are
only valid when one is dealing with normally distributed populations.
It was thought that the shooters evident in some populations might
upset the heritability estimations. So Howietoun weight (2) and’
Loch Leven length (3) data sets were taken as examples. The five
largest individuals (10%) of each tank recorded were removed from
the analysis of variance. This made very little difference to the
heritability estimates except to increase them very slightly.

It was therefore felt no action needed to be taken, and the data

collected could be analysed with no alterations to adjust for the

shooters.

e )

3.4.7, Examination ef experimental methodology

At the beginning of the trials, it was decided to use 20% of the
population in each tank, selected at random, as the sample from
which lengths and weights would be estimated. * It was felt that

the means derived £from such a sample would be accurate and take
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into account the ‘'shooters' if they existed. Once. the populations
in years ‘1 and 2 had been reduced to 250 fish per tank, this meant
50 trout per tank were weighed and lengthed accurately for heritability
estimation. In year tLree, 30 fish were taken from tank populations

of approximately 200 individuals (15%).

On reflection, the time to weigh and 1length fish, seems to have
been excessive. The coefficient of wvariation, standard deviat:@on,
means and estimates of heritability do not change greatly as one
reduces the number of £fish one uses from each tank. Tables 3.44.
and 2.45, illustrate the Howietoun trial heritabilities and associated
statistics, giving a range of numbers of fish measured per tank,
and used in the analysis of variance. The heritabilities start
to differ once one reduces to 20 or 30 fish per tank, representing
8 to 12% of each population. It is therefore recommended in future
work that experimental calculations of heritability estimates be
made to ascertain the appropriate number of individuals that should
be measured for each population, that will give one a valid result
without excessive time measuring individuals. Thirty fish per
population is recommended as a minimum number for such work carried

out in future dealing with similar population sizes.

3.4.8. Potential Genetic Gain

Taking all 'the drawbacks and criticisms of heritability estimation
into consideration, there seems no point in conducting such trials

without coming to a conclusion about possible genetic gains that
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could accrue from future selection policies.

Selection experiments with real-life populations were initially
percei