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ABSTRACT
This thesis studies the variability of several Atlantic salmon

(Salmo salar) reproductive traits, with a particular emphasis on the sea

age at first maturity, a trait of foremost importance for both
management of natural stocks and commercial salmon aquaculture.

Three groups of salmon, belonging to several families were followed
from spawning to grilse maturation. A combination of cold-branding and
jet-injection of Alcian Blue in several fin locations proved to be
satisfactory to identify fish at the individual and family levels and
has allowed the compilation of precise growth and maturation history for
each fish.

A considerable diversity of maturation patterns was observed among
individual fish, as well as important variation among families in
maturation rates. A complex pattern of interactions between growth and
maturation was evidenced. A model of maturation "triggering" is
proposed to explain these observations: a fish appears to initiate
maturation if its level of energy stores in spring is above a sex
specific threshold level. For fish having the same previous maturation
history, the level of energy store in spring appears mostly dependent on
the fish growth over the winter, and to a lesser extent on the level of
energy stores at the beginming ot the winter. Differences among
families for rate of maturation appear to be mostly due to differences
among families for the relative allocation of surplus energy into
somatic growth versus energy stores maintenance, and to a lesser extent
to ditferences among families for winter growth capabilities.

Some practical considerations about genetic and envirommental

manipulation of maturation in the aquaculture context are discussed.
xvi



ABBREVIATIONS AND SYMBOLS

1y81. Cohort of l-year-old smolt from the
1981 spawning year class.

2Y81. Cohort of 2-year-old smolt from the
1981 spawning year class.

2Y80. Conort of 2-year-old smolt from the
1980 spawning year class.

(0+) Refers to precocious maturation observed
at age 0+ in the three cohorts.

(-6) Reters to precocious maturation observed
at age 1+, 6 months before smoltification
in the 2Y80 and 2Y81 cohorts.

(+6) Refers to post-smolt precocious maturation
observed 6 months after smoltification
in the three cohorts.

(+18) Refers to grilse maturation observed 18 months
after smoltification in the three cohorts.
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GENERAL INTRODUCTION

Atlantic salmon (Salmo salar) is a euryhaline anadromous fish,

native to rivers in North America and Europe. Born in freshwater, it
characteristically migrates to feeding grounds in the ocean and migrates
back again to freshwater for the purpose of spawning. Some populations
however, never migrate to sea and spend their complete lite cycle in
freshwater (Netboy, 1968).

On the western side of the Atlantic ocean, Atlantic salmon is now
found in rivers extending from Ungava Bay (Northern Quebec) to Maine
(U.S.A.). It disappeared from all rivers between Southern Maine and
Long Island where it was found in early colonmial times, but it was
reintroauced in a few places (Netboy, 1Y68; Carter, 1975). On the
eastern side of the Atlantic ocean, the Atlantic salmon range extends
from Northern Norway and the Kola peninsula (U.S.S.R.) to southern
France and northern Spain, but it disappeared from most rivers it
originally inhabited in continental Europe (Netboy, 1Y68). It is also
founa in Icelandic rivers and in at least one river from Greenland
(Netboy, 1968).

Atlantic salmon spawns in fall, from early October to early
January, with tne peak ot spawning activity occuring generally in
November. The female digs a nest (redd) in the gravel and deposits the
eggs which are immediately fertilised by the male. The female then
covers the tertilised eggs with a shallow cover ot gravel (Jonmes, 1959).
These eggs hatch in winter or early spring, the length of the incubating

period depending mostly on the water temperature (Netboy, 1968; 19/3).



Upon hatching, the young fish, called alevin, remain buried and rely on
the attached yolk sac as the primary source of nutrition (Netboy, 1968;
Allen and Ritter, 1977). Upon absorption of the yolk sac, the fry (as
they are then called) emerge from the gravel and remain in the vicinity
of tne redd for a few weeks (Allen and Ritter, 1977).

Upon dispersal from the redd, the young fish are called parr, up
until tney become fully silvered and start their seaward migration as
smolts (see below) (Allen and Ritter, 1977). The number of years that
the parr remain in the river varies with latitude, from one year in
southern France and Spain, up to 7 — 8 years in Ungava Bay (Netboy,
1968; Power, 1969). The parr stage is often sub-divided by age and the
convention of Allen and Ritter (1977) has been used in the present
study: a 0Ot parr is a parr less than one year old; a 1t parr is a parr
aged one year or older but less than two year old, etc. Male parr
commonly mature during their freshwater residency (Jones, 1Y59) and are
generally designated as precocious parr (Allen and Ritter, 1977).

The seaward migration generally occurs in May/June and the young
migrants are known as smolts. The parr-smolt transformation
(smoltification) is accompanied by numerous pnysiological and
behavioural changes which preadapt the young fish while still in the
river to their future life in the sea (Saunders, 1969). The same age
classification convention that is used for the parr stage is generally
used for tne smolt stage as well (Allen ana Ritter, 1Y/7). For example,
a 1+ smolt (or a l-year-old smolt) is a young fish ready to migrate to
sea in May/June, slightly over ome year atter hatching.

Most of tne growth or the salmon occurs during its extensive ocean



migrations of wnich little is known. A feeding ground common to
multi-sea-winter salmon (see below) from North America and Europe has
been identified of f the southwest coast ot Greenland, and more recently,
another common feeding ground for grilse (see below) and
multi-sea-winter fish from Europe has been discovered in the vicinity ot
the Faeroe Islands (Netboy, 1968; 1973).

One of the truly amazing characteristics of Atlantic samon is its
homing instinct. The salmon is known to undertake very long journeys at
sea, yet about 95% of the adults that survive to migrate back in
freshwater return to their natal stream to reproduce, the remainder ones
straying into other streams (Hasler and Scholz, 1y8). Homing and
straying are very important phenomena from a population dynamics point
of view. Homing reduces reproductive wastage by ensuring that spawning
is mostly confined to waters suitable for survival. Straying maintains
gene flow between separate river populations and allows the colonisation
of newly available habitats (Hasler and Scholz, 19Y83).

In contrast to Pacific salmon, the Atlantic salmon does not always
die arter reproduction. Some fish, known as kelt, survive the mating
and stay in tne rivers for a variable length of time before migrating
back to sea again. Some ot them will come back to spawn for a second
time ("previous" or "repeat" spawners). A few will spawn three times,
four times or even more, always returning to the ocean between each

spawning (Netboy, 1973).

For the last twenty years, much ot the research dealing with

Atlantic salmon has concentrated on aspects of its reproductive life



cycle. Atlantic sailmon shows a remarkable plasticity in that respect
(Saunders and Schom, 1985).

- The duration of the sea absence (i.e. the sea age at first maturity)
is quite variable. Some fish, known as grilse or as l-sea-winter fish
come back to the river about one year atter smoltification, weighing on
average 1.5 to 2 kg. Other fish come back after 2 or more years spent
at sea and are designated as multi-sea-winter salmon (meaning that they
spent at least 2 winters in the sea, as opposed to grilse that only
spent one). They are considerably heavier than grilse and weigh between
4 and 14 kg on average (Netboy, 1968; 19/3; Gardner, 1976; Allen and
Ritter, 1977). Multi-sea-winter fish are most commonly 2-sea-winter or
3-sea-winter salmon (i.e. fish spending about 2 or about 3 years at sea,
respectively), 4-sea-winter, 5-sea-winter, and older fish are
considerably rarer (Netboy, 1973).

- In the case of salmon spawning more than once (repeat spawners), the
interval between consecutive spawnings is as well quite variable
(Saunders and Schom, 1985).

- There is also a considerable variability in the season of ascent ot
the river. Some fish may ascend the river in early spring (spring rum),
while others may wait until the fall (fall run), even though all fish
will eventually spawn around the same time, in late fall (Netboy, 1968;
1973).

- As previously mentioned, male parr commonly mature in freshwater
before smoltification and participate in the spawning of anadromous
adults (Jones, 1959). Some will do so repeatedly, while others might

mature precociously only once or not at atl. (Leyzerovich, 1973;



Mittans, 1973; Saunders and Schom, 1985).

This variability in life history parameters has wide implications
for the dynamics of Atlantic salmon populations (Saunders and Schom,
1985). Much of the management of the Atlantic salmon resource is now
focussed on these aspects and particularly on the sea age at first
maturi.y, i.e the grilse versus multi-sea-winter fish phenomenon.
Grilse are smaller and less valuable to both sport and commercial
fishermen (Saunders, 189).

Age at first maturity also bears considerable economic importance
in the context of the commercial salmon aquaculture. This activity has
expanded remarkably for the last ten years and now represents a
considerable source ot earnings for some countriés, Norway and Scotland
among the first. Grilse maturation in cage reared salmon is
detrimental. As maturity approaches, the growth rate decreases and the
meat quality deteriorates (Tveranger, 1985; Aksnes et aL., 1986). Fish
farmers also claim that grilse maturation is associated with increased
mortality (Naevdal et al., 1978 b). Late maturation (multi-sea-winter
maturation) has the additional advantage that the slaughtering season
may be lengthened (Naevdal, 1Y83).

Yet, our knowledge of this important life history parameter is
still fragmentary. In an extensive review ot the factors which may
influence the Atlantic salmon sea age at maturity, Gardner (1976)
concluded that "no single factor can be identified as regulating the
time at which maturing salmonids return to freshwater. The evidence is
confusing and no other conclusion can be justified." Ten years later,

Saunders (1Y86), in the prologue of an international workshop on



"Salmonid age at maturity" stated that "effective management of the
species demana a fuller understanding than we now have of the genetic
and envirommental influences..." on the sea age at maturity.

In the same workshop, Bielék and Power (1v¥86) concluded that
"integrated studies of genetic factors, etfects of freshwater and marine
énvironments on growth rates, and of the interactions between them, are
more likely to contribute to our understanding of how age at first
maturity is controlled." This approach was used in the present study ot
Atlantic salmon maturation. Three groups of salmon, belonging to
several different families were followed from spawning to grilse
maturation. Each salmon was individually identified before or shortly
after smoltification, and growth and maturation data were individually
collected approximately every 6 months, until some fish matured as
grilse (18 months atter smoltification). This compilation of precise
individual life histories permitted an analysis of: the relationships
between precocious maturation and grilse maturation, the relationships
between growth patterns and maturation patterns, the intluence of the
fish sex and smolt ages, and the influence ot the fish genetic
background.

The present work is sub-divided into five separate chapters.

- Chapter I presents and discusses the individual and family marking
techniques used in the present study. This Chapter I does not therefore
directly deal with the primary goal of this study, the understanding of
how age at maturity is controlled in Atlantic salmon, but it should
rather be viewed as an important preliminary technical chapter.

- Chapter II presents an overview ot the methods used for rearing the



7
salmon and of the data collection procedures. It presents and discusses
results concerning survival, the various maturation patterns observed
among individually identified salmon, the sex specific incidence of
maturation in the different groups of salmon and the relationships
between successive maturation episodes.

- Chapter III presents and discusses results concerning family
variability for incidence or maturation.

— Chapter IV analyses the relationships between growth patterns and
maturation patterns and proposes a model of maturation "triggering".

- Chapter V tries to reconcile the observations ot Chapters III and IV,
i.e. the genetic/envirommental interactions in the control of age at
maturity.

- The General Conclusion discusses briefly some practical considerations
about genetic and envirommental manipulation ot the Atlantic salmon age

at maturity in the aquaculture context.



CHAPTER I INDIVIDUAL MARKING OF ATLANYTIC SALMON.
EVALUATION OF COLD-BRANDING AND JET INOCULATION OF ALCIAN BLUE IN

SEVERAL FIN LOCATIONS.

1. Introduction

In a variety of situations, from laboratory experiments to breeding
programs in commercial aquaculture, there is a growing need for the
identification of individual fish, or at least for a system with which
to recognize a number of "codes" generally larger than those generated
by batch marking techniques. In addition, most situations require (with
various degrees of priority) that the information remain available for a
minimum period of time, that the marking technique does not interfere
with fish behaviour and physiology, that marks can be applied to small
fish, and that it is not necessary to sacrifice the fish to retrieve the
information. This ideal marking technique should also not be too
expensive and should require little time and labour.

Many techniques have been described and a few are widely used.
However, none can fulfill all requirements. External tags tend to
impair growth ana survival, and tag losses can be high (Refstie and
Aulstad, 1975; Herbinger, unpublished). Fin clipping does not allow for
many distinct classes to be identified and imposes a certain degree ot
mutilation upon the fish, with the exception of adipose clipping in
salmonids (Piggins, 1972). Cold and hot brandings are widely used for
batch marking and can generate a few combinations. However, a high
variability in quality and subsequent recognition of the brand has been
noted (Raleigh et al., 1973; Raymond, 1974). Jet inoculation of dyes in

several locations on the fish fins and body could generate more
8
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combinations, but there are conflicting reports on the known duration of
such marks (Refstie and Aulstad, 1975; Pitcher and Kennedy, 1977; Cane,
1981). Nose tags require the sacrifice of the fish. Two recently
developed techniques appear promising, the use of "X-ray microtags" in
which the binary coded notches can be read with an X-ray apparatus
(Higgins, 1985; Miles et al., 1985), and the use of internal magnetic
tags that can be detected by passing the fish through an identification
coi1l (Harache et al., 1978; Dumas and Prouzet, 1982). However, both
methods are fairly expensive and only allow a maximum of 127 different
individual tags to be recognized.

In the present study, an identification system was needed for
Atlantic salmon (Salmo salar L.), that could provide family and
individual identification (12 families and up to 60 individuals per
family), from the earliest possible time to grilse maturation times.

The marking system that was chosen consisted of a combination of adipose
clipping (the least mutilating fin clipping), cold-branding (restricted
to optimal conditions) and jet injection of Alcian Blue in several fin
locations. The overall period of study was slightly more than 3 years
from family marking to the last individual fish census, but data
collection sessions were performed at intervals of approximately 6
months, allowing remarking to be performed if fading was detected. From
the time when individual marking was first performed (parr/smolt stage)
until the end of the experiment, a reading score was assigned to each
cold brand and each jet injected dot, allowing an evaluation of each
technique as well as an evaluation ot the practicability of such a

system for marking individual salmon.
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2. Preliminary experiment

Hot-branding several signs or symbols to different body locations
was tried in a preliminary work (unpublished). The fish used were from
the 198V spawning year class. The device used for hot-branaing, an
electrically heated nickel-chrome wire, was similar to the one described
in Joyce and El-Ibiary (1977). The different symbols used were: a
single horizontal bar, a single vertical bar, a lett arrow, a down
arrow, a right arrow, an up arrow (symbols # 0,1,2,5,7,8 in Joyce and
El-Ibiary, 1977), as well as double parallel horizontal bars and double
parallel vertical bars. The positions used were mostly the anterior
dorsal area between the head and the dorsal fin, above the lateral line,
and the posterior dorsal area between the dorsal fin and the adipose
fin, above the lateral line. A few mid ventral positions, just above
the pelvic fins below the lateral line were tried as well.

Overall results were not satisfactory. After 6 months, very few
symbols could be easily recognized although the presence of a brand
could be detected. Brand fading and complete disappearance occured over
longer periods of time, but in a variable and unpredictable way. 1In a
few cases, paradoxical phencmena were even observed: considerably faded
but identifiable symbols seemed to reappear on some large fish (over 1
kg) whereas these same symbols were absolutely undetectable at earlier
times. Furthermore, rebranding proved to be awkward because of the
changing size and shape of the symbol. Topical locations, branding
techniques and changes in hue of the fish affect cold brand recognition
on salmonid fish (Raleigh et al., 1973), and several of these reasons
are probably involved in this inconsistency of the brands. However,

this preliminary work showed that, over a period ot 6 months, the place
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of branding could almost always be located, even when the specific
symbol could not be recognized. The most easily identifiable symbol was
a single horizontal bar (#0 in Joyce and El-Ibiary, 1977), and the best
location was the anterior dorsal area between the head and the dorsal
fin, just above the lateral line (Fig. l1.1). Raleigh et al. (1973)
found as well that symbols with open design and with clean line produced
the best quality cold brands, and that the anterior dorsal area was the
best for branding brown trout and rainbow trout.

Jet injection of Alcian Blue in several fin locations was tried as

well, and appeared satisfactory. The method is described below.

3. Material and methods

A new marking system was designed to mark fish of the 198l year
class. Based on the conclusion of the preliminary work, Alcian Blue jet
injection was used, in combination with adipose clipping and branding
restricted to the optimal condition previously mentioned. Only one
symbol, a single horizontal bar, at one location, the anterior dorsal
area, on the left or right side of the fish, was used.

Alcian Blue injections were performed using an ummodified Madajet
dental inoculator (Mada Medical Products Inc. Carlstadt NJ 07072
U.S.A.), similar to the Panjet inoculator used by Hart and Pitcher
(1969), filled with an aqueous suspension (65 mg/ml) of Alcian Blue, as
first recommended by Kelly (1967) and used by Hart and Pitcher (1969).
In October 1982, for family marking (Fig. 1.2) hot-branding was

performed with the same device used in the preliminary experiment.
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cold brand on right adipose clipped or

not clipped /
"

or left side

addit no 3

Alcian Blue jet injected dots

Fig. l.1: Location of the different types of information

used for family and individual identification.
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FAMILY CODE  OVERALL CODE  OVERALL CODE OVERALL
87X REMARKED 90X REMARKED 971 REMARKED CODE
NO READING READING READIRG READING
SCORE COLLECTED  SCORE SCORE SCORE
1st INDIVIDUAL  COLLECTED COLLECTED COLLECTED
MARKING
AUG.83 DEC.83 JUNE 84 DEC.84
W=87g W=274g W=350g W=1228g
1_YEAR-OLD SMOLTS
W=4.3g +~ SMOLTIFICATION
0CT.82
* SMOLT SORTING
FAMILY JUNE 83
MARKING 2-YEAR-OLD SMOLTS
smx.unlmuon
W=97g W=105g W=540g W=801g W=1353g
NOV.83 JUKE 84 NOV.84 MAY 85 DEC.85
= . e = A
Ll — 3 —X
FAMILY CODE OVERALL CODE OVERALL CODE OVERALL CODE OVERALL
99.5% REMARKED 982 REMARKED 991 REMARKED 997 REMARKED CODE
NO READING READING READIRG READING READING
SCORE COLLECTED SCORE SCORE SCORE SCORE
1st IRDIVIDUAL COLLECTED COLLECTED COLLECTED COLLECTED

MARKIRG

Fig. 1.2: Summary of the different marking/remarking and reading

operations performed on family and individual codes.

W: Mean weight of the fish at the data collection session.
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After this marking operation, hot-branding was abandoned in favour of
cold-branding, because of the risk of injury to the fish. Cold-branding
was performed by gently applying for 1.5 to 3 seconds, depending on fish
size, a copper branding tool previously dipped in liquid nitrogen. The
branding tools were similar in design to those described by Groves and
Novotny (1965), but with simpler tips since only one sort of symbol, a
single horizontal bar, was to be used. Two sizes of branding tips
(length=20mm, width=1.5mm; and length=50mm, width=5mm) were used to
allow for the change in fish size with time. Raleigh et al. (1973) and
Refstie and Aulstad (1975) recommended that the width of the branding
tips should be 1 mm or less to distinguish different symbols. Wider
tips were used in this study since only one symbol was to be identified
and because there were indications that using large branding tips might
improve long term retention (Park and Ebel, 1974).

Figure 1.1 shows the position of the brand as well as the different
fin locations used for jet injections. Family codes had to be marked in
October 1982 (Fig. 1.2), when the fish were still very small (mean
weight: 4.3 g; range: 2 to 40 g) and the jet innoculator could be safely
used only on positions 1 and 3 (upper and lower caudal fin). With the
additional information provided by the adipose "Clip"/"No Clip" and by
the brand placed on the "Right" or "Left" side of the fish, 12 different
families could be identified:

Clip Left 1 Clip Left 3 Clip Left 13

Clip Right 1 Clip Right 3 Clip Right 13

No Clip Left 1 No Clip Left 3 No Clip Left 13

No Clip Right 1 No Clip Right 3 No Clip Right 13

More than 12 combinations could be formed with this information,

but this conservative combination code insured that each fish would bear
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one and only one brand and at least one dot on the upper or lower caudal
fin, insuring thus a safer and easier family recognition. In August
1983, for the l-year-old smolt<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>