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Summary.

The thesis provides a detailed study of the endocrine control of
reproduction in the rainbow trout. By using photoperiod and temperature
manipulations and hormonal treatments, designed to interfere with this
natural control, possible solutions are provided to the two major
problems related to reproduction in the farming of rainbow trout, i.e.
the limited availability of eggs, and the regressive changes which
accompany maturation amongst production stock.

During the normal spawning cycle, sequences of changes in serum
levels of gonadotropin, oestradiol 178, phosphoprotein phosphorus and
total calcium in females, and gonadotropin and testosterone in males
were observed. Under shortened seasonal photoperiod cycles, these changes
occurred earlier in the year although the basic sequences remained
unchanged. As a result, spawning was advanced by up to four and five
months in the female and male fish respectively. Injection with oestradiol
caused similar changes and thus established the importance of this
hormone in the control of vitellogenesis.

At low temperatures, the egg incubation period was increased by %0
days, thus providing a further method of extending the availability of

eggs.

To exploit a supply of eggs throughout the year, a computer model
was formulated to predict growth under a variety of environmental
conditions. This information could enable the trout farmer to design an
optimm stocking programme,

Treatment of first - feeding fry with high doses of methyl testo -
sterone and with oestradiol 17f produced sterilization and feminisation
respectively without any adverse effects on growth and mortality. Pairing
masculinised females with normal female fish demonstrated that the
female rainbow trout is the homogametic sex and that by using such sex -
reversed fish monosex populations could be produced.

Clearly, the production of eggs at any times as specified by computer
assisted stocking schedules, together with the potential for producing
sterilized or feminised stock is a joint approach which will be of
considerable benefit to fish farming in the U.K.
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The title ' The Control of Reproduction in Rainbow Trout -
Commercial and Technical Aspects " summarises the basic theme followed
during the development of this thesis. However, it will be seen that
the project further subdivides into three main fields of investigation,
namely, the control of reproduction to supply eggs throughout the year,
the development of computer models to predict aﬂd optimise production
under different farm conditions and the prevention of maturation among
production stock. Hence, the approaches used, although focused on a
single theme, are necessarily diverse, A brief description of how the
project developed should serve to explain why the various approaches

were chosen.

In 1974, Shearwater Fish Farming Ltd., part of the B.C.C. ILtd.,
New Venture Secretariat, the research and development section of the
company, constructed a farm at Low Plains, Armathwaite, Cumbria, as an
experimental development designed wholly to investigate, on a

commercial scale, a high technology approach to fish farming.

During the development stages of this farm it became clear that
the limited seasonal availability of eggs was an important constraint
to the planning of all year round production of table fish.
Additionally, as production at Low Plains has grown, the B.C.C.
management, like those of other large farms have encountered increasing
difficulty in optimising their forecasts of production in the face of
differences in growth due to the environmental conditions, different
possible feeding alternatives, etc. The provision of eggs throughout
the year would only exacerbate these problems and to improve the
long term planning of production it was thought that forecasting

models could be developed, like in many other areas of industry



and agriculture,which would enable the full potential of the farm
to be realised. Similar lines of research were also being considered
at the University of Aston and thus a project evolved, between
B.0.C. Ltd., and the Department of Biological Sciences through the
Interdisciplinary Higher Degrees Scheme at the University, to
investigate the control of reproduction in rainbow trout and assess

the commercial advantages to be gained from such an approach.

The Interdisciplinary Higher Degrees Scheme is a distinctive
approach combining the technical and managerial aspects of real
commercial problems; hence providing an excellent training for
graduates. The basic structure of projects involves a collaboration
between a commercial company and the University. In this case,
Shearwater Fish Farming Ltd., providing the practical context for
investigation, including adapted faeilities from their production
units, and the University providing the necessary technical

expertise and training.

The supervisory team throughout the project was administered by
Dr. David van Rest (IHD Scheme Tutor), and consisted of:

Dr. Niall Bromage (Biological Sciences, Main Supervisor),

Dr. John Forster (Shearwater Fish Farming Itd., Industrial Supervisor),

Mr. George Lindfield (Computer Centre, Associate Supervisor), and

Mr. Robert Harrison (formerly Management Centre, Associate Supervisor).

Financial support was provided jointly by a research studentship
from the Joint Committee of the Science Research Council and the
Social Science Research Council and Shearwater Fish Farming Ltd.

The thesis is designed to be read by both the scientist interested

in ‘the biological aspects of reproduction in salmonids, and the



fish farmer concerned with the commercial advantages to be gained
from controlled reproduction. Hence, no apology is made for the

occasional repetition to clarify a point for this wider readership.






SUMMARY .

PREFACE.

Yo L CRMEDA L THTRUDIGTNCRE G ¢ 5 0o s visin0ies s 4769 50 40008 S8 RO 80 APV T et s i 1
1.1. Egg Availabilityeeeeecncesonns R ML SR WAE L e ST 2
1231 The Contral of SpAWNRINR.seensssssrscsssnsssssneen S Ra e coenesd
1 1R " ProRuotInG PLABNANG s oo vie cianisnvensiiessssns sion pianinesetonsesissss 11
1.2. The Prevention of Maturationeiecoeecess S O e O S o
(S Sy Ot S k1 kit S (S R G S P e SRERAARIEE e b
2. GENERAL MATERIAIS AND METHODS..ceeeeescccocesccccaces sassensie wsoeinle 1
2.1. Fish Maintenance, Handling and Blood Sampling.sceecssccecscsocsses 18
2.2. Radioimmmoassay of Serum Oestradiol 17B.ceveesecsesscsecscrssseesll
Relels Materigld.ccesssvocsses P RS R S W s A . onieu il
2.2.2. Assay Proceedure..ccoceccess O YT S A A clalsens cee
2.2.3. CalculationS.ececssse sosessssess s esssnse s casesssssnssansas .26
2.3. Radioimmunoassay of Serum Testosteron€...esecccecccesccsccccncces 27
2e3e1. Matorials,.ccocsecscnsscasssnes PR SR O S sinau sl
2.3.2. Assay Proceedure..... T L O T S o T e P
2.4. Radioimmmnoassay of Serum Gonadotropinccceecsceccscss consaseessns s
2,5. Assay of Serum Egg Protein (Vitellogenin).eseeesesseesses iy s 34
2eB.1. MaterdalB, cocencronnsscsnnnsnsncns e SRR S (TP o s AR
2.5:2. Assay Proceedure.sccesscsososessss R P A snsednse s D0
2.6. Assay of Serum CalciUM..cevscscccss Ty e LA sedaanaviaeee 38
3. THE ENVIRONMENTAL CONTROL OF MATURATION AND SPAWNING....ce0ceees vee39

3.1. Introduetion..scessns SRR e e e e A e e RS S o oreraatt)



3.2. General Materials and MethodS..eeeeecees Pty NI IR BRI A T L6

PR T TR R T T T TR e e I R s Veids ivie e albie Wsloe bl 49
3e3:1 . Maverials and MetholB.issvssssvessssnonssansanesiertinessdsndns 49
Fe S ROBULGE caln b bmbiniesis e N S T S 51
3.4, Series 2 ExperimentsS.cesecececcne A S R R e S e
3441, Materials and MethodS.ceecececcccovcscce sesesss seeseakssssmans 97
3:432. Resultseceseoe Sae sn e nsale saldee siaie e aisednaie s keide ke vnn e IS
3.5. Series 3 ExperimentS.ee.q. ORI RS T S e S e P AN T
3.5.1. Materials and MethodS..cccecveee semsessassenesbssss e s banien 132
DDl ROSULEB. s ssasvannibosbosimnnevessinsiisiees R O L sl ok
3.6. Discussiofieesess e S TR o S P AR e Fe e e FRa- i YL By e 139
3.6.1. The Endocrine Mediation of Photoperiod - Induced Spawning..... 139
3.6.2. The Commercial Application of MOff - Season" Spawning......... 177

4. THE HORMONAL CONTROL OF MATURATION AND SPAWNING....eceececcccsesssl

fods Intproduetlons . oy e susasmesnssessnmsines IR, GREE . s siniensinn sevviaalt]
L.2. Materials and MethodS.cceesceess ceessssessns ssesesessessnsessnse 188
4.2.1. Fish Maintenance and Handling...cecececcecceces PR W Al 188
L.2.2. Experimental Proceedures........ e P G e alanals ss seiacle s uiny 188
helds RemaltBicssiosasen cessseesssesessrae A T T ) L Loy e 197
Gisle REBOUBBECN s« o0 0000 0050660 000090 65 0006404 40005 5050w 005 s amaine seeeell8

ol 1. S R P e R B LS R S R 223
Dl INTrontctioN.cocsosissnonsnnnisrsoneonsenessves cecsssssssssse A~
Dade BATOrinls ' Wod MothoaB. « oo wvesesseneneseesensndeessede coseseses 227
53 BBBRILE, s sievescosnsvians s essns s nnnsessesenisnssesssessssbensisese 230

5040 DiSCU.SSiOIls lllllll LR L I T O B O I O T I I I B LN R N R RN N 232



6. THE USE OF COMPUTER MODELS TO PREDICT TROUT FARM PRODUCTION....... 234

6.1. Introduction...... P T T R e R R T s (s s 235
6.2. Description of the Model..ovieeuoons Sleale nwials k alh 0w s ¥k Bk 239
6e 3. VB0 O EHE PPORYAH. chis s vions dsoniedsiossnasmesesiesssnisinoases e 246
6.4. D BCUBEION . s cvavensanicms T e SR R B S 276
7. THE PREVENTION OF MATURATION AMONG PRODUCTION STOCK...eesececesess 281
T3 o IOEPOONCTION. c o s cnnenos soinnsiosnnsonoinhesssnsnsnssssnseisnsesnnanh 282
7.1.1. Surgical Castration..... o alalele n ie 5616 a8 )8 6 a)5i sla 070 dn AIa 4 0 ars a i b BB
et o2y " Trratiationicicss b e nesssssaned L g P o 288
Tatade Baviyvormertal Conbrtl, o wreswesimes e sasesmessdsenie e cosissees 288
Tl ke Genetic MantpUulation: v venis s sisiesienseess ses Gls e st e e STk S e e 289
Telehs Antoimmme Rejection of TesleB.cessivscssssenesessvsdesensesnes 292
7.1.6. Prevention of Maturation by Hormone Administration.....ceeee.. 293
7.1.7. Appraisal of the Application of the Methods of Sterilization
and Sex Reversal to Rainbow Trout Cultur€....cceesecceseccsss P
7.1.8. Summary..... PR SR A SR R SR B Sl ol s v e sln ie eleis )
7.2. Sterilization and Sex Reversal by Hormone Treatment....ceeceeces. .302
7.2.1. Materials and MethodS.cveeeeees S O T O O e T o GO s e
Todss ROBULLB. s s nsnesoninnssnnobsiins R S PN eesesse303
7.3. Indirect Feminisation by 17a Methyl Testosterone Administration
to Produce Functional Phenotypic Males with a Female Genotype
and Subsequently Crossing with Normal FemzleS...ceeeesesnes vens e
7.3.1. Materials and Methods..eces... I PPl Sy 308
T3 BOMUIEE. S cerenonsvs S R VA e S Ty 309
7.4. Photoperiod Control of Fish in Production TanksS....cccececcessss 313
Tedel s Matorinls and MethodS.civevsescsssonossssnsossssns csssessssse 313
Tohole ROBULLB.cotoreess secsssssasssss o siavsnysaness T e o T 313

7:5. Discussion.cccseaas Sihesinsnsnenaeibadnis SRR S e s L 315



GENERAL SUMMARY AND CONCLUSIONS..:eecessascascsoscnses teceessesccssse 322

ACKNOWLEDGEMENTS. e s eaeassasscascss € visis ieleia s Wielela alalsisio s olale sl elvle s e ols s(nie 327






In most forms of animsl husbandry, including fish, considerable
advantage has been gained from the manipulation and optimisation of
the natural sexual cycle of the species under cultivation. Although
the culture of rainbow trout has been practised in Britain for the
last hundred years, it is only recently, during the rapid growth of
fish farming that attention has been focused, both on the control
of the natural sexual cycle and on ways this knowledge can be used
to improve trout culture. Two aspects of maturation continue to pose
considerable difficulties for the fish farmer. Firstly the
availability of eggs for ongrowing is at present seasonal, and this
is an important constraint to the long term planning of all year
round production of table fish., However, even if eggs were available
at all times of the year, in order to optimise the capability of a
given farm site, more information is required regarding the growth
of trout under different environmental conditions. Once this
information is available, it will be possible to determine at which
times of the year to introduce eggs and hence stock the farm to the
best advantage. Secondly, maturation among production stock, which
in rainbow trout like all salmonids leads to diminished growth, loss
of condition and thus reduced production of saleable fish flesh.
Both aspects and their implications to the fish farmer are considered

in more detail below.

1.1. Egg Availability.

A11 trout farms in this country aim to produce a constant supply
of good quality table fish throughout the year. However, achievement
of this ideal has partly been prevented by the availability of eggs

over only a short period of the year.



This difficulty was confirmed in a survey conducted in late

- 1976 (Appendix 1.) which demonstrated that eggs are only available
to U.K. fish farmers for a limited period during any one year.
Replies from this survey suggested that farms in the U.K. fall into
one of two groups. The majority carry only sufficient broodstock
to meet their own requirements and are therefore independent of other
suppliers; the remainder carry no broodstock at all and rely for
their supplies on major hatcheries specialising in egg and fry
production. The periods over which the larger hatchery facilities
are able to supply eggs are shown in Fig.1.1. From these results

it is evident that eggs are only available in Britain from November
to March, and only the northern farms such as Grampian Fisheries
appear to be able to extend this period, mainly as a consequence of

colder water temperatures.

The restricted availability of eggs imparts a serious constraint
on fish farm management, as at various times of the year differential
loads are placed on each part of the farming system. Hence, during
the spawning period, the hatchery and fry facilities are usually
fully stocked, often overstocked, to meet production demands during
the following year, whereas at other times of the year parts of the
farm may be under-utilised or not used at all, as stocks of the
requisite size are not available. Clearly, in situations where
overstocking or understocking occur the whole system is inefficient
in terms of proper usage of capital equipment and labour and

consequently will be less profitable.

Until recently, an effective way of extending the availability

of eggs in Britain and therefore, of partially overcoming these



HATCHERY . EGG AVATLABILITY.
HOOKE SPRING TROUT FARM NOVEMBER - MARCH
CAMBRIAN FISHERIES ' NOVEMEER - MARCH
CLEARWATER (ISLE OF MAN) DECEMBER - FEBRUARY
WYE VALLEY FISHERIES DECEMBER - MARCH
WHITEBROOK FISHERIES DECEMBER - MARCH
LAKE FISHERTES (ISLE OF MAN) JANUARY - MARCH

HIGHIANDS AND ISIANDS

DEVELOPMENT BOARD JANUARY - MARCH
GRAMPTAN FISHERIES JANUARY - JUNE
HOWIETOWN AND NORTHERN FEBRUARY - APRIL

FIG.1.1. THE APPROXIMATE AVAIIABILITY OF EGGS FROM IARGER

U.K. HATCHERY FACILITIES (1976) - SEE APPENDIX 1.




problems,was to import eggs from abroad. Other countries have strains
of rainbow trout which spawn at different times of the year to those
in Britain, due to their adaptation to different environmental
conditions. However, in an attempt to prevent any further introduction
of salmonid disease, the Ministry of Agriculture, Fisheries and Food
have quite rightly recently introduced very strict controls regarding
the import of fish eggs (Min. DOF6,4,75 ). Although this is an
important step to protect the long-term interests of fish farming in
this country, it has greatly reduced the number of farms abroad from
which eggs may be imported. It is probable that the Ministry would
prefer to completely stop the import of eggs and to meet demand at
present they are encouraging a scheme of certification amongst British
suppliers to provide good quality disease free eggs from our own stocks.
However, although this scheme will prevent the introduction and spread
of disease, the farms will still only produce eggs during the normal

spawning period of trout in the U.K.

These recent developments increase the urgency for the development
of techniques to produce eggs throughout the year from stocks already
present in Britain. A number of methods have been suggested, but few
if any have been properly investigated, or their use to the practising

fish farmer evaluated. The complete control of spawning is required.

1.1.1. The Control of Spawning: The overall process of maturation
and spawning in salmonids is controlled by both internal (genetic)
and external (environmental) factors, whose control is realised by
modifications in the dynamics of the endocrine system. Consequently
it is possible that matﬁration may be controlled by an approach from

one or more of the areas of genetic, environmental or hormonal

manipulation.



The improvement of stock by genetic manipulation has been carried
out in all forms of plant and animal husbandry. In trout farming the
usual practise is to select the best looking fish to be the parents of
the next generation. However, very little systematic breeding work
has been carried out with salmonids. One of the few examples is the
work of Donaldson with both rainbow trout (Donaldson,1968; Limbach,1969)
and salmon (Donaldson & Menaveta, 1961). Unfortunately, unselected
controls were not maintained for comparison and it is possible that
some of the reported gains in growth arose over the years from improved
husbandry techniques rather than a modification of the genetic structure

of the fish population.

The use of genetic selection on a commercial scale as a means of
altering spawning time is at present questionable. Strains from Federal
hatcheries in the U.S.A. are reputed to spawn at different times of
the year (Fig.1.2). However, it is not clear whether the differences
in spawning time are a true function of genetics, of different hatchery
conditions or a combination of both. The regulations regarding the
import of eggs practically prohibit the purchase of eggs from such
strains, although some long-term studies are being carried out within
the confines of M.A.F.F. at Lowestoft. Furthermore, Purdom ( 1978,
personal commnication ) one of the few scientists working on the
genetic improvement of fish in this country, has indicated that a
selection programme designed to significantly alter the spawning time
of rainbow trout would take at least fifteen years. Breeding experiments
to alter spawning might also seriously complicate selection programmes
for other factors such as increased growth rate, improved food

conversion, survival, flesh quality, etc. In view of these difficulties

and the requirement of the developing trout industry for more



STRATN. SPAWNING TIME.
WINTHROP JANUARY - FEBRUARY
SHASTA AUGUST -~ SEPTEMBER
ENNIS NOVEMBER - DECEMBER
KAMLOOPS MARCH - MAY

FIG. 1.2. SPAWNING TIMES OF STRAINS OF RATNBOW TROUT

MATINTAINED IN FEDERAL HATCHERIES IN THE U.S.A.




immediate solutions, a genetic approach to alter spawning is not

included in the present work.

In their natural environment, fish spawn at times of the year
which give the greatest chance of survival for their young. In practice
this means that fish must have the ability to predict the times of the
year when conditions are most likely to be favourable for further
developmenﬁ, possibly with regard to food availability or water supply.
To achieve the correct spawning time, the maturing fish takes cues
from the environment to synchronise the different stages of development
with the appropriate time of the year. Of the various environmental
factors implicated in the control of maturational events photoperiod,
temperature and nutritional status appear to be the most important,
with subsidiary influences imparted by rainfell, pheromones and salinity

in some species (e.g. Donaldson, 1975).

In salmonids, photoperiod appears to be the major factor controlling
reproduction, although temperature may have an effect if conditions
are encountered which are outside the normal range. Of the factors
mentioned, photoperiod is the only factor which is exactly the same on
each day from year to year. In view of this, and of the information
concerning the effects of different light regimes on reproduction already
available in the literature (Hoover, 1937; Hoover & Hubbard, 1937;
Alison, 1951; Hazard & Eddy, 1951; Corson, 1955; Combs et al, 1959;
Nomura, 1962; Henderson, 1963; Carlson & Hale, 1973; Kunesh et al, 197L4)
it was decided that the manipulation of photoperiod not only offered
the most likely method to achieve the desired alteration in spawning

time, but also provides an approach which could easily be applied to

the fish farm.



Unfortunately, the literature regarding the environmental control
of spawning is confounded by the variety of experimental techniques,
strains of fish and methods of evaluation (e.g. spawning time, gonad
growth comparison, gonadosomic index or histological evaluation) used
in these studies. It is very difficult to draw firm conclusions from
the data for, as Pickford & Atz in 1957 stated, "One factor that makes
the different experiments difficult to compare, as well as undoubtedly
explaining some of the discrepancies in results obtained with the same
species, is the difference in the response of fish to light during
various periods of the annual cycles. The most probable existence of
such differences indicates that experiments of longer duration, and
covering all periods of the year are needed". Surprisingly, little has
changed since that date and therefore several long-term trials are
included in the present work tc study the effects of different
photoperiod regimes on spawning in both male and femzle rainbow trout.
At the same time, an evaluation of changes in various blood parameters
associated with maturation and spawning should give both an indication
of the effect of each photoperiod regime on these processes, and
suggest methods by which changes in photoperiod could affect the

endocrine system and thus bring about changes in spawning time.

Both genetic and environmental factors act upon the hypothalamus,
causing the secretion of.releasing hormone which in turn initiates the
release of gonadotropin(s) from the pituitary. The gonadotropin thus
produced acts upon specific follicular receptors in the ovary to cause
specific steroid biosynthesis. As well as acting directly to influence
oocyte maturation within the follicle the steroids also produce effects

on many other tissues of the body; these are sometimes reférred to as
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"whole body" maturation. One of the most important of these is that
of oestrogen on the liver where it promotes the synthesis of egg
proteins. lLarge amounts of calcium are also bound to the egg protein
complex and once in the blood, this is transported to the ovary,

where it is sequestered by the developing oocytes.

From this brief account it is clear that as well as providing
insight into the mechanism of control of reproduction, the direct
manipulation of hormone status alsc offers another possible approach
to the overall control of maturation. For the last 50 years the
hypophysation of fish by administration of crude pituitary extract has
been used to promote gonadal maturation and induce spawning in fish
that do not spawn readily under artificial conditions. More recently,
such techniques have also been used to spawn Chinese and Indian carps
(Varghese, 1975), flounder (Smigrelski, 1975) and Japanese and
American eels (Ochiai et _al, 1972, 1974; Yamamoto et al, 1974a, 1974ib;
Edel, 1975). However, such methods are umnecessary in salmonid culture
where fish spawn readily under farm conditions although hand-stripping
is required. The main application of hormbnes in this context appears
to lie in their possible use in salmonid culture to increase or
decrease the rate of maturation and so alter spawning time. Although
some success has been reported by injection of various hormones,
reviewed recently by Fontaine (1976), as expected, the response
appears to vary depending on the stage of the reproductive cycle.
Thus, before this approach can be applied to salmonids, a better
understanding of the normal sequence of hormonal events which lead up
to spawning is required. Experiments are therefore included here to
study the effects of injected hormones on the normal sequence of

events which take place during maturation.
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The mechanisms of reproductive control described above ensure that
eggs are produced at the correct time of year. In addition, the
development of the fertilized eggs is also modified by the environment
to ensure that hatching occurs when conditions are most likely to be
favourable for further development. The rate of development of fish
embryos is dependent primarily upon water temperature with subsidiary
influences imparted by water flow and oxygenation. The time taken from
fertilization to hatching is conveniently approximated in terms of
"degree days", i.e. the temperature in degrees centigrade multiplied
by the time period in days. For salmon and brown trout for example,
this value is approximately 40O degree days. Thus if eggs were
incubated at 10°C, the time taken for hatching would be around 40 days,
whereas at 5'0, the incubation period would be around 80 days. Early
work involving the incubation of eggs at low temperatures to extend
their availability was unsuccessful due to high mortalities (e.g.
Embody, 1934). However, recent research has provided more promising
results (Combs, 1965; Maddock, 1974) and therefore experiments are
included to study the commercial application of methods of low

temperature egg incubation.

1.1.2. Production Planning: Clearly the managerial problems caused by
limited egg availability would be adequately solved if fish could be
induced to breed at any time during the year. However, to fully
exploit the ability to introduce eggs throughout the year requires
considerable detail regarding the growth of trout under the specific
conditions of the farm in question. Once this information is kmown,
then decisions can be taken to select the appropriate times of year

in which to introduce eggs and in what quantity to optimise production.
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The growth of trout is determined by a number of separate
although often interacting factors. These include water temperature,
feed level; conversion ratio, stocking density, growth variance,
starting size, ultimate size required and mortality. As many of these
factors are reasonably consistent from year to year; the growth of
fish under a given set of conditions can be predicted. For example;
consider a farm which is supplied with a borehole water at a constant
temperature of 9°C, throughout the year. If factors such as stocking
density, conversion ratio and appropriate feed level remain constant
throughout the year, then an input of eggs at 3 monthly intervals
would give an all-year-round supply of table fish and ensure that the
farm was utilised to its optimm capacity throughout the year.
Obviously, as a production unit this would compare most favourably
with the situation at present where eggs are only available for a
few months during the winter. As the temperature is constant, the
calculation of growth curves (assuming a fixed conversion ratio) is
a relatively simple operation as growth is consistent from week to
week. However, the majority of farms in Britain do not have a constant
water temperature and it is both laborious and complex to calculate
growth curves especially when fry are required to be introduced into

the system at different times of the year to maintain production.

In view of these difficulties the present study aims to develop
and implement a computer model for planning fish production on a
variety of farms with either fixed or fluctuating environmental
conditions. This information would enable management decisions to be
taken as to which months of the year eggs or fry are required and in

what numbers, to give an all-year-round production schedule.
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1.2. The Prevention of Maturation.

The second major problem area related to reproduction in salmonids
is that of maturation among farm stock destined for table consumption.
At present, the majority of trout farms produce portion-sized trout
of around 250g, which on average takes approximately 18 months from
hatching. In the main, female rainbow trout usually mature after three
years growth and the majority of male fish mature in their second year.
During the process of sexual maturation, particularly in the male fish,
changes occur in skin pigmentation and flesh quality which seriously
reduce market acceptability. Furthermore, there are associated losses
in growth and conversion efficiency and an increased susceptibility
to bacterial and fungal invasion. As many of the male fish in a
population mature before they are of a sufficient size to be cropped
and marketed, they represent a significant loss in production.

There is also a market trend towards the production of larger fish,

up to 3 kg. or more in weight, and on those farms the problem of
maturation among production stock becomes more acute as most fish will
mature before they have reached the requisite size. It is therefore
necessary to develop methods by which sterile or all-female stocks of
trout can be produced. These methods of necessity must be relatively

easy for the fish farmer to use.

The same methods of approach, i.e. genetic, environmental, and
hormonal, already discussed in relation to the control of spawning are

also directly applicable to the prevention of maturation. The genetic

approach to this problem again appears questionable. According to
Wexelsen (1964), the general rule in plants is that the tetraploid (4n)

plants produced artificially are usually fertile and give rise to
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triploid (3n) progeny after fertilization by normal diploid (2n) plants.
Several workers have attempted to apply this principle to fish, by using
heat and cold shock treatment to induce polyploidy in the sturgeon
(Vesetski,1967),stickleback (Swarup, 1951a, 1951b), and plaice and
plaice/flounder hybrid (Purdom,1972). However, it appears that salmonid
eggs are too large for successful heat/cold shock treatment, and these
methods have so far failed in selmonids. The mitogen cytochalasin B

has also been used in an attempt to produce polyvloids ( Refstie &
Gjedrem, 1977), but mortalities were extremely high and the results

unclear.

Hybrids between salmonid species may be sterile, but the culture
of such hybrids could give rise to problems, as firstly they may require
different husbandry techniques, and secondly problems may be encountered
due to market resistance to a new product. In view of these difficulties
and also the time required for such studies, a genetic appro@ch to the

prevention of maturation is not included in the present work.

The use of environmental control to prevent maturation among
production stock is questionable because of the scale of environmental
control that would be required. However, previous studies have shown
some delay in maturation by environmental manipulation (e.g. Henderson;
1963), and thus experiments are included to determine the effects of
photoperiod regimes designed to prevent or delay maturation, although

their use on a commercial scale may be limited.

Clearly both genetic and environmental methods of controlling
maturation have important difficulties and at present it would appear
that the most effective way of overcoming the problems of maturation

among production stock would be to produce either sterile or all-female
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stocks by feeding steroid hormones during the first few months of
feeding (Yamazaki, 1975; Johnstone et al, 1978). While this hormonal
approach is reasonably understood under laboratory conditions, moré
work is required to study the effects of treatment on growth and
survivel before such methods are used on a commercial scale. A study
was therefore carried out to determine the effect of various hormone
treatments on the sex ratio, gonad development, growth and survival of

fish in production units in a commercially operating fish farm.

1.3. Summary of Aims.

The overall aim of this study is to investigate the commercisl
and technical aspects of problems associated with maturation in
rainbow trout. Throughout the study, emphasis is placed upon the
endocrine control of maturation in relation to internal and external
factors, as only knowledge of the exact mode of control of maturation

in fish will lead to more efficient methods of manipulation.

For descriptive purposes, the scope of investigation falls
conveniently into three subject areas. The primary aim is a study
of the effects of altered photoperiod regimes on spawning in rainbow
trout. This approach is intended to provide a commercially viable
method for all-year-round egg production as well as providing
information on the endocrine mediation of the response of maturing

fish to altered photoperiod.

Providing eggs can be introduced into the farm at times outside
the normal spawning period, a parallel zim is to investigate the
use of computer models to forecast production under different farm
conditions. The development of a suitable model to predict production

and stocking under a variety of different environmental conditions
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and stocking regimes should enable efficient management programs

to be formulated which make full use of all-year-round supply of eggs.

Additionally, methods are evaluated, for the production on a
commercial scale of sterile or all-female stocks of rainbow trout, thus
preventing the altered skin pigmentation, loss in flesh quality, growth
and conversion, which are associated with maturation among production

stock.

Used in combination, these methods should enable the fish farmer
to produce good quality table size or larger fish throughout the year,
without any of the associated maturation problems. Furthermore, by
introducing eggs and fry at times of the year specified by computer
predictions, the farming system can be optimised in terms of the use of

equipment, labour and food, and consequent return on investment.
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2.1, Fish Maintenance, Handling and Blood Sampling.

Rainbow trout (Salmo ggirdneri) of both Danish and Californian

origin were used as specified in the individual experiments. As the
size and age of fish, size of tank used, stocking density, water flow
and quality etc., varied according to the respective experimgntal
proceedure, this information is given in the methods section of the

relevant chapter.

In the experiments where individual identification of the fish was
considered desirable, the fish were tagged with small plastic numbered
tags (Charles Neal, Finchley Itd., 3780 High Road, East Finchley,

- London, E2.). The tags were attached to the dorsal surface directly in
front of the dorsal fin, with fine nickel wire. In other experiments,
where only group identification was required, fin clipping was employed.

During the first year's experiments, the fish were fed with
Edward Bakers trout diet, and in the second and subsequent years with
B.P. Nutrition Mainstream diet. In all cases feeding was carried out
as recommended from the appropriate feeding tables.

In all the controlled photoperiod experiments, the fish were
examined monthly (when blood samples were being teken) to check for
signs of maturity. In the male fish, a darkening in colour and the
development of a kipe were taken as guidelines for assessment of the
state of maturity; they were called ripe fish if sperm was emmitted
from the anal papilla when gentle pressure was applied to the abdomen.
In the female fish, the extension of the anal paéilla, which becomes
very red and swollen as maturity approaches, and the softening of the
abdomen were taken as indices of the approximate state of maturity.

The female fish were termed ripe when eggs were emmitted freely from
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the anal papilla upon gentle pressure of the abdomen. Care was taken

not to apply too much pressure, thus avoiding damaging the fish.

Hand-stripping was performed (under anaesthesia) when the fish
were ripe. The eggs were gently squeezed from the females into a dry
bowl and semen from two or more males added. The mixture was stirred
gently with a small feather and water added immediately. The eggs were
then allowed to stand for approximately 45 minutes to water harden,

then placed in hatchery trays and incubated at 9°C, until hatching.

During all experiments handling of the fish was kept to a minimum
to avoid scale damage and subsequent infection, and to keep stress to
a minimum. Blood sampling was therefore always performed under
anaesthesia, using Benzocaine (ethyl-4-amino-benzoate, BDH Chemicals
Ltd., Poole, U.K.) at a concentration of 1:20,000. This gave
"knock out" and recovery times of approximately two and five minutes
respectively. Blood was removed from the Cuverian vein in all cases
using a 21g needle. Post-sampling haemorrhage was seen on only very
rare occasions and throughout the study, very few mortalities were
encountered which could be directly attributed to handling or blood
sampling. The blood obtained by this method was allowed to stand for
15 minutes, then centrifuged at 250C rpm. for 10 minutes. The
resultant serum was pipetted into clean plastic tubes (Luckham Ltd.,

Sussex, U.K.), stoppered and stored at -20°C, until future analysis.

All laboratory assays were carried out at Aston University, except
the radioimmunoassay for serum gonadotropin, which was carried out by
Dr.B. Breton, at the Laboratoire de Physiologie des Poissons, Institut
National de Recherche Agronomique, 78350, Jouy en Josas, France.

The transport of samples from Low Plains to Aston University was



performed using a large Dewar flask filled with dry ice. Samples
were transferred to straws used for freezing bull semen, and

packaged in dry ice, before transport by air to France.






