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ABSTRACT

The overall aim of this thesis was to investigate behaviour exhibited by juvenile
Atlantic salmon at certain key times in their life, that might predominantly be
controlled by either light or temperature. Two key times chosen were: movements
away from the redd and the first winter. The overall result was a series of studies in
controlled environments on a variety of behaviour patterns which are known to occur

in the natural environment.

Salmonids move away from the redd predominantly at night-time. Light level would
therefore appear to be the controlling factor releasing activity. However, the exact
relationship between light level and alevin activity is not known and so the first part
of the thesis centred around this behaviour. To begin with a series of artificial redds
were used to monitor salmon alevin movements under various night-time incident
light levels. A single redd was subjected to a single light level only on alternate
nights. In all six experimental redds were run during the three years. Combining the
results together gave a significant negative correlation between the numbers of salmon
alevins moving away from a redd on a light night and light level. This behaviour was
interpreted as a negative photokinesis since the frequency of movement was
dependent on the intensity of the stimulation.

There were two possible functional explanations as to why alevins may react in this
way to light level. Firstly, the reaction could have been a simple photoresponse which
has evolved to ensure that alevins only move away from the redd when they are least
likely to be caught by a predator. Secondly, retinal developmental differences
between alevins (less developed alevins becoming temporarily disorientated and move
away from the redd because the ambient night-time incident light is still below their
threshold level) could have led to the observed negative photokinesis (Ali, 1961;
Manteifel, 1978). To investigate the exact underlying mechanism behind this
behaviour, fine scale patterns of behaviour during movement were needed.
Fortunately, in most of the artificial redds used in the above experiments some
additional trapping and filming had been done already so these results were presented

as evidence for the fine scale patterns of behaviour during movement.

A recent study on alevin movements away from the redd indicated that a large
proportion of alevins might disperse through the gravel away from the redd so a series
of undergravel traps were used to monitor movement of alevins in the artificial redds.
The trapping results, presented in Chapter 3, revealed that there was a small
proportion of alevins moving through the gravel. In addition, the filmed behaviour of
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alevin movement revealed that fish were moving away from the redd at two different
levels in the water column; close to the substrate and in midwater. Filmed alevin
movements were also temporally clumped and the peak dispersal time was in the first
half of the night which is in agreement with other studies. In both cases alevins were
moving in close association with the gravel which suggested that they are able to
control the timing and method of movement away from the redd by using the gravel as
an orienting factor and a medium for movement. This goes against the traditional
view that movements away from the redd are purely the result of displacement due to
a temporary disorientation (Bardonnet et al., 1993). Therefore, it was concluded that
alevins are able to control their movement away from the redd by means of visual and

tactile stimuli.

The overwintering behaviour studied centred around the diurnal-nocturnal shift in
behaviour which was recently found for stream resident trout in Norway. In this
thesis the sheltering behaviour, during the day and the night, of individuals and groups
of salmon subjected to manipulated water temperatures was monitored. This showed
that there was an increasing tendency for fish to remain in refuges (without access to
food) during the day as water temperature dropped below 10°C. However, they would
emerge with the onset of darkness, and so the proportion of the daily active period
occurring in darkness increased markedly as temperature decreased. This was
matched by changes in feeding patterns. Total daily food intake in salmonids (as with
all poikilotherms) declines at low temperatures, but this decline was far greater in
daytime intake than in food obtained by night, so that the proportion of the daily total
that was obtained at night increased to almost 100% in both experiments. Thus at
'summer’ temperatures feeding rates were higher during the day than at night while
this was reversed at 'winter' temperatures. This was a consequence of the tendency of
fish to retreat into refuges by day but re-emerge at night as the temperature dropped.
The social behaviour of the fish kept in a group changed with light intensity: fish
were more aggressive at higher temperatures, but at any given temperature aggression
rates per fish were on average six times higher by day than by night. By day the fish
kept in a group tended to be well spaced, with some individuals defending territories
whilst at night fish were often within a few centimetres of one another. The results of
the two experiments indicate that overwintering nocturnalism exhibited by salmonids
occurs independently of season and it appears to be the first demonstration of a
temperature controlled inversion of daily activity patterns. A possible functional
explanation for this shift in foraging pattern may well to reduce predation risk in
winter since salmon are relatively more vulnerable to endothermic predators when

temperatures are cold due to their much slower escape responses (Chapter 6).
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CHAPTER1 INTRODUCTION

1.1 INTRODUCTION
In the natural environment two important physical changes that most animals respond

to are light and temperature. Many species change their behaviour under different
light conditions (e.g. nocturnal activity as opposed to diurnal activity) and similarly
under different temperature conditions (e.g. thermoregulatory behaviour in reptiles)
and in some cases the two effects interact (e.g. in hot climates many small animals are
nocturnal so as to avoid activity during the heat of the day). Such effects are most

marked in poikilotherms, such as fish. ¢

In temperate waters light and temperature have a simple daily relationship in which
the highest temperature normally occurs around dusk, and the lowest temperature
close to dawn. However, on an annual time scale temperature and light interact in a
more complex way but still in a regular manner (See Section 1.2,1.3). This means
that fish experience predictable environmental changes to which they can adjust their
behaviour either on a daily or annual timescale. The objective of this thesis is to
investigate some of the behaviours exhibited by one freshwater fish species which
may be predominantly controlled by either light or temperature.

1.2 THE IMPORTANCE OF TEMPERATURE FOR FRESHWATER FISHES
Temperature limits distribution, determines activity and may act as an environmental

cue for poikilotherms. It can be defined simply as heat content where heat is a
measure of molecular agitation. In poikilotherms, body temperature controls the rate
of chemical reactions and hence various body processes, including development time
(Prosser, 1973; Crisp, 1981, 1988).

Maintaining a stable body heat is important to poikilotherms and they do so either
behaviourally or physiologically (Prosser, 1973). Such adaptations not only enhance
heat gain in the individual but may also restrict heat loss through radiation, convection
and conduction. However, for most poikilotherms body temperature will fluctuate
with the surrounding ambient water temperature. Fluctuations in natural water
temperatures occur both annually and daily, according to season, cloud cover,
precipitation and habitat. In a shallow water habitat, temperature change is sudden
and therefore water temperature is unlikely to be as important as more predictable
environmental cues (e.g. photoperiod) in timing important biological events such as
breeding and migration. In deeper water, where temperature is more constant and
changes are more gradual, temperature may replace photoperiod as the principal timing



timing cue for changes in season (Helfman, 1986). In extreme habitats temperature
may also act as a strong selective pressure for many fish species. For example, in
southern Europe many young salmonids may die in isolated river pools and streams
that dry up each summer due to the intense daytime heat and the lack of rain
(personal observations). Similarly the same type of intense selection occurs in more
northern latitudes during harsh winters when some aquatic environments freeze solid.

1.3 THE IMPORTANCE OF LIGHT FOR FRESHWATER FISHES
Natural light levels change according to movements of the earth and moon and are

also modified by weather systems. Such fluctuations in ambient light level are thought
to be the main method by which most animals, including fish, time both daily and
annual changes in behaviour and physiology (Scott, 1979). Fish inhabiting northern
latitudes experience a great variation in seasonal light levels and photoperiod. The
amount of light available in each 24 hour period during different periods of the year
therefore depends on latitude, cloud cover, moon phase and sun inclination.

In more northern latitudes light also has a very important seasonal influence on the
behaviour of animals. Daylength changes with season and many animals use this
annual cycle to time important life history events. For example, in teleost fish the
timing of breeding is linked to an annual cycle where seasonal changes in
photoperiod are likely to be the most important stimulus (Scott, 1979; Thorpe et al.,
1989a). This is known as photoperiodism. However, in extreme environments (e.g.
caves), where there maybe no natural light, other seasonal cues may be used
(Saunders, 1977).

Most animal communities can be divided into species that are diurnal (active by day),
nocturnal (active by night) or crepuscular (i.e. active by dawn or dusk). However, as
many authors have pointed out, fish are opportunists and activity patterns may not
be fixed (Helfman, 1986). For example, juvenile Atlantic salmon (Salmo salar) are
generally thought to be diurnal visual foragers but there are many times in their
freshwater life when they are predominantly nocturnal (Thorpe et _al., 1988; Hoar,
1954, 1958).

1.4 THE STUDY SPECIES

The species used in this study is the Atlantic salmon (Salmo salar), a cold water
anadromous fish belonging to the family Salmonidae. Like many other anadromous
salmonids, at a certain stage in their development they migrate to the sea after a period
of up to 5 years in freshwater. In their sea water phase they may grow rapidly and



migrate thousands of miles before returning to freshwater, predominantly to their
natal stream, to spawn. The physiological and behavioural changes undertaken by the
Atlantic salmon during its life history can be seen as discrete developmental phases,
see Table 1.1.

The natural range of the Atlantic salmon is in the cool temperate Northern
Hemisphere. Its distribution extends from New England to Ungava Bay, Greenland
and Iceland, and from Northern Portugal to the Pechora River in Northern Russia.
Recent introductions into Argentina, Australia, Chile and New Zealand have
increased the range of the Atlantic salmon. The behaviour of each anadromous
salmonid group is unique and all the fish species in this family have complex and
variable life histories: each species spends different amounts of time in freshwater
and seawater, has different spawning seasons and different migratory habits.
However, the one factor common to all salmonids, and to most other fishes, is the
high mortality rates experienced from egg to adult (Hoar, 1958).

The adult Atlantic salmon is a commercially important species in many countries and
there has been extensive research into the biology of the species. For example, young
fish leave the rivers for the sea in the spring when they smolt and thousands of these
fish are tagged and released as part of large mark-recapture studies in many countries
(Kennedy, 1988). Similarly the factors influencing juvenile survival, i.e. from ova to
smolt have been researched intensively in both the laboratory ~ (Godin, 1982) and
the field (Garcia de Leaniz et_al., 1993a). These areas of research are vital in
understanding the long term population dynamics of this species, but in the short term
the first year in freshwater has one of the most important influences on overall
recruitment (Evans & Dempson, 1986; Chadwick, 1988). This first year is when the
majority of any single family will die (Bley and Moring, 1988) and so this present
study concentrates on this key time. Some of the most obvious times of high
mortality are during the dispersal from the redd and in the first winter (Godin, 1982,
Heggenes et al., 1993; Garcia de Leaniz et al.,, 1993a,b,c). Any behaviour that

increases an animal's chance of survival during times of high mortality should be
selected for strongly. This focused the present behavioural study onto two particular
key times : dispersal from the redd and survival during the first winter.
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1.4.1 MOVEMENTS AWAY FROM THE REDD

The highest mortality in a juvenile Atlantic salmon's life is in the first few months in
the stream environment and by the end of the first year it has been estimated that only
8% of alevins from a single redd have survived (Mills, 1989). The period of
movement begins as soon as the alevin hatches, from the egg into the gravel nest, or
redd, in early spring (Hunter, 1959; Peterman & Gatto, 1978) and extends through to
the start of first feeding (Mortensen, 1977a,b). Mortality rates during these early
stages of movement can be attributed mainly to starvation and predation. The most
important predators are: larger salmon parr (Mills, 1964, Symons & Helland, 1978),
birds (Elson, 1962; Mills, 1969), mammals (Heggenes & Borgstrem, 1988) and other
fishes (McCrimmon, 1954).

Each spring broods of juvenile Atlantic salmon in Scotland disperse from the redd
area over a short space of time (around 2 weeks) and over a relatively short distance
(around 120m depending on habitat quality) (Garcia de Leaniz et al., 1993a,b). This
leads to high densities of alevins in the vicinity of the nest site, so an alevin's first
feeding habitat is essentially the same stretch of river it hatched in. In brown trout
(Salmo trutta) this behaviour is thought to lead to competition for food and space so
that weaker individuals are pushed further downstream, where they are may starve
and die (Elliott, 1986, 1987).

Early juvenile mortalities are thought to be density dependent (Mortensen, 1977a,b;
Elliott, 1986, 1992) and this limits salmonid production within a stream to the so
called 'carrying capacity' (Gee et al., 1978; Buck & Hay; 1984; Elliott, 1985a,b, 1987,
Chadwick, 1988). For river management purposes 'carrying capacity' is simply a
relationship between the size of the river, the availability of spawning sites and

habitat quality. From the juvenile salmon's viewpoint predation and food availability

are the more critical factors.

These two particularly strong selective pressures, predation and starvation, during
early life may account for some of the known behavioural adaptations seen in
individuals at this developmental stage. For example, initial movements of alevins
away from the redd site is completed almost exclusively in the first few hours of the
night (Bardonnet et al., 1993). Soon after this initial dispersal fry settle into a first
feeding site, where they may remain to the end of the summer after which they move
to a more permanent site where they will stay for the greater part of their freshwater
life (Garcia de Leaniz, 1990). They feed mostly by day and are often seen touching
the surface of a particular rock, or home stone, from where they scan the flowing



stream for food items, which they subsequently intercept (Fausch, 1984). Stemming
the current with their pectoral fins they can maintain position using only a few
tailbeats a minute whilst remaining close to the stream bed. If they are displaced
downstream of their home area they will home relatively successfully (Garcia de
Leaniz, 1990). This strong site specificity indicates that voluntary movement away
from a home range must occur in response to a high degree of adversity, as originally
suggested by Taylor & Taylor (1977). Such severe conditions begin to occur just

before their first winter.

1.4.2 THEFIRST WINTER

Juvenile Atlantic salmon are generally thought of as diurnal visual foragers; however,
in winter they are not seen in the streams during the day (Stuart, 1953; Bustard and
Narver, 1975; Gibson, 1978). In winter, resident fish disappear from their daytime
feeding stations, possibly in response to the hostile stream conditions (Heggenes et
al., 1993). Permanent and drifting ice may cover high latitude streams and
temperatures remain just above freezing for much of the winter. In response to these
adverse environmental conditions, resident fish leave their daytime feeding stations
and take refuge in the stream bed during the day (Heggenes & Saltveit, 1990; Rimmer
et al., 1983; 1984; Cunjak, 1988 a,b). At night however young salmon and trout
emerge from these refuges into the stream to feed (Heggenes et al., 1993). The
reasons for these diel shifts in behaviour are unknown, but it has been suggested that
over wintering fish may be forced out of their refuges by the build up of stream bed
ice at night (Heggenes et al., 1993).

This brief review of studies during the two most critical stages in their first year tells
us three things. Firstly, many descriptive papers detail the behaviour of juvenile
Atlantic salmon. Secondly, little is known about the cause and effect of many of these
behaviours patterns. Thirdly, little is known about any other behavioural changes
occurring at these times that may influence survival. Hence this study will
investigate experimentally some of the behaviour that is most likely to be influenced
by the two key abiotic factors : light and temperature.



1.5 QUTLINE OF THESIS

The strategy behind this thesis came from the practical aspects of analysing
behavioural adaptations. Ideally a laboratory study of behaviour should be linked to
a field study of fitness. However, having spent the seven months prior to the start of
this thesis working on such a field based project I am constantly aware of the
difficulties of controlling key variables in studies conducted in the wild (see Garcia
de Leaniz et al., 1993a, 1993b, 1993c). Abiotic factors often pose problems; in
particular the constant threat of a spate in a river can put any long term study at
considerable risk. Instead I chose to work in semi-natural conditions and in fully
controlled laboratory set ups. In both types of studies I have concentrated on the
key times in juvenile life where behaviour may be adapted to either light or
temperature. This was not to obtain a measure of how strongly selection can act, but
merely to gain a clearer picture of how an animal can adjust its behaviour in a
changing environment. In each chapter I investigate selected aspects of behaviour
that have originally been observed in the natural environment and are thought to be
influenced by either light or temperature or both. Finally to understand the observed
behaviour I have discussed it in relation to the animal's physiology, morphology and

overall fitness in the natural environment.
In summary the topics considered in this thesis are as follows :

The influence of night-time incident light level on the pattern of movement of

juvenile Atlantic salmon alevins away from the redd (CHAPTER 2).

The timing and method of movements of juvenile Atlantic salmon alevins away from
the redd (CHAPTER 3).

The changeover from a night activity to a day activity after alevin have moved away
from the redd, with respect to temperature and dispersal time (CHAPTER 4).

The underlying causes of nocturnalism in winter. Changes in diel activity were
examined for different water temperatures under a constant photoperiod and at
different times of year (CHAPTER 5).

Fast start performances of juvenile Atlantic salmon. This integrative measure was
used as a standardised measure of individual ability with respect to temperature and is



discussed with reference to other underlying temperature dependent physiological
processes, overwintering behaviour and overall life history strategy = (CHAPTER 6).

Shifts in behaviour during winter and spring in a semi-natural habitat: a recirculating
flume at the University Field Station. This provided information on a range of natural
responses to biotic and abiotic factors. In particular, the temperature dependent shift
to nocturnalism and the breakdown in social structure associated with smolting (see
table 1.1) was studied (CHAPTER 7).

A general discussion bringing together results and ideas generated by this thesis with
reference to other relevant work. In addition, the main implications for freshwater
fisheries management and aquaculture are outlined. (CHAPTER 8)



CHAPTER 2
THE EFFECT OF LIGHT INTENSITY ON THE NIGHTLY MOVEMENTS OF JUVENILE

ATLANTIC SALMON ALEVINS AWAY FROM THE REDD

2.1 INTRODUCTION

In northern latitudes mature Atlantic salmon spawn each winter in freshwater, usually in
their natal streamé, after a lengthy migration in the sea. The adults spawn in a shallow
gravel nest known as a redd in which fertilised eggs are buried. The fertile eggs then
develop slowly over the winter and hatch out in early spring. Hatching involves
sporadic bursts of lateral movements by the alevin inside the egg. Once free from the
egg casing, the alevin begins to move within the gravel. This intra-gravel movement
can be categorised into three distinct developmental stages: descent, ascent and a final

movement away from the redd area (Godin 1982).

1. Descent Stage : The alevins move downwards after hatching, into the gravel bed
of the stream. They gain all their nutritional requirements during
this stage from their yolk sac. (Duration in Scotland : 20-30 days)

2. Ascent Stage: The alevins move up towards the surface of the gravel bed over a
period of approximately 1 week. Nutritional needs continue to be

provided by the yolk sac.

3. Movements away from the redd area: A single brood of alevins move out of the redd

area and move in the stream away from the redd over a number of
nights. Supplementary feeding along with the remaining yolk
provide the alevin with the nutrients for this stage (duration: 20-30
days)
After alevins have left from the redd area and have completely used up their yolk sac,
they can be regarded as salmon fry. The factors influencing young salmonids during
most of these three stages have been investigated thoroughly, see Table 2.1.

2.1.1 THE DESCENT STAGE

The most extensive work carried out on intra-gravel behaviour of salmonids during this

~descent stage suggests that gravity and the interstitial structure of a gravel bed are the
most important factors controlling behaviour in the wild (Nunan & Noakes, 1985a,b,
1987). However, early work carried out on the behaviour of alevins during this early
developmental stage suggested that the downward movement into the gravel is due to
negative phototaxis (Stuart, 1953). Other early work suggested a passive photokinesis,
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since the degree of alevin activity could be directly correlated with light intensity
(Woodhead, 1957). However, these early experiments were carried out in laboratory
tanks which did not re-create the natural redd environment, so alevin behaviour was not

examined within the gravel.

In the natural environment light does not penetrate the gravel of a stream bed deep
enough to influence the behaviour of alevins in the redd during the descent stage
(Bardonnet & Gaudin, 1990a,b). In some situations the alevins may be accidentally
displaced towards the surface by an environmental disturbance (e.g. a river spate). If
alevins are displaced towards the surface at the descent stage the negative phototactic
behaviour, seen by Stuart (1953), may ensure that they simply remain within the gravel.

2.1.2 THE ASCENT STAGE

After the initial descent stage alevins will start ascending through the gravel towards
the surface of the streambed. This ascent behaviour is associated with a further step in
development which occurs 20-30 days after hatching (Peterson & Metcalfe, 1977;
Peterson et al.,1977) = Throughout these first two stages alevins continue to live off

their yolk sac. As this resource is depleted, they become more agile and active, and
gradually move upward through the gravel (Godin, 1982; Nunan & Noakes, 1987) to
the surface layers of the streambed. At this point they are ready to leave the redd.
There is some debate as to how to describe the first movements away from the redd. In
the past the first movement away from the redd has been called emergence and the
subsequent downstream movement has been called dispersal. However, these
behavioural terms are no longer valid in the light of recent evidence that a significant
proportion of alevins from a single redd are capable of moving considerable distances
away from the redd through the gravel over a number of nights (Garcia de Leaniz et al.,
1993b). Therefore at present it is probably best to use a more general description for
emergence and dispersal behaviour such as 'movements away from the redd'.

2.1.3 THE FIRSTMOVEMENTS AWAY FROM THE REDD AREA

The first movements away from the redd can be triggered by either a change in the
environment, such as a river spate, or a change in alevin development (specifically
depletion of yolk sac which may be the driving force behind the movement away from
the redd). During these first movements away from the redd many alevins die from
starvation and predation (Godin, 1982; Elliot, 1985a,b) and so the behaviour of alevins
plays an important part in early survival. Therefore the following two chapters look at
the movements of alevins away from the redd and into the stream. In this chapter the
relationship between light levels and movement were investigated and in the following
companion chapter the timing and method of movement were evaluated.

1



Most of the information about the behaviour during this last stage has come from field
studies on natural redds or planted ova. These studies have shown that the majority of
alevins move away from the redd at night (Garcia de Leaniz et al., 1993a), and for any
one family this stage lasts around 2 weeks and the numbers moving are approximately
normally distributed with respect to time (Marty & Beall, 1989). However, on any
given night the numbers moving may depend on many extrinsic factors. For example,
a rise in water temperature (Godin, 1980) or flow rate (Crisp & Hurley, 1991a,b,c) will
increase the daily number of alevins moving. In addition water temperatures above
14°C will trigger most alevins to move away from the redd during the day (Brénnis,
1988). Seasonal movement patterns also depend on individual behaviour (such as the
undergravel migrations seen by Garcia de Leaniz et al 1993a) and developmental stage
(Ali, 1959a,b; Crisp & Hurley, 1991a,b,c¢).

A functional and a causal explanation have been put forward as possible reasons why
the majority of alevins only move at night. The functional explanation is that it is a
predator avoidance strategy adopted by alevins at this stage (Godin, 1982). The causal
explanation behind nocturnal movement from the redd was first put forward by Ali
(1959), who estimated that the rate of retinal dark adaptation in a Pacific salmonid's eye
is slower than the rate of light extinction in the natural environment i.e. at dusk. He
therefore suggested that alevins may suffer from a state of partial night blindness before
their eyes are fully dark adapted. Under this semi-dark adapted state alevins might lose
their reference points and position in the stream, leading to downstream movement. In a
follow up paper on the retina of juvenile Atlantic salmon he once again suggested the
same correlation between the rate of retinal dark adaptation and downstream movement
(Ali, 1961). Hence the nightly pattern of movement from the redd could be the result
of the absence of visual references at night or it could be a specific behavioural
response to light or it could be partly the result of both of these explanations.

2.2 GENERAL METHODS

To test which of these two explanations is more likely the movements of alevins away
from artificial redds were monitored, under various night-time incident light levels.
Many difficulties are involved in observing alevin movements away from natural redds,
so throughout this three year study specially designed artificial redds were used. This
allowed the manipulation of physical conditions while maintaining many of the
properties of the natural spawning redds. The final stage of movement away from the
redd can only be studied in the springtime between March & May and so in some years
more than one experiment was set up. Hence, this chapter has been broken down into

four sections each representing one experiment in a single year.
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2.3 NIGHTLY MOVEMENTS, OF ALEVINS AWAY FROM THE REDD, AT 4.5 LUX. 1991
In the first year (1991) a simple artificial redd was used in a pilot study to see if night-

time incident light level had any influence on nightly movements and so a high light
level, of 4.5 lux, was used. This light level was chosen because it is well above a
juvenile Atlantic salmon's threshold for light reaction (1.0 lux to 0.001 lux, Ali,
1959a,b) and it is well below daylight lux levels that are known to suppress nightly
movements (> 200 lux, McDonald, 1960). However, to ensure alevin movement would
not be totally suppressed the 4.5 lux level was simulated only on alternate nights.

2.3.1 MATERIALS AND METHODS

Artificial redds are normally used to study the survival of alevins under different
environmental conditions. Artificial redds usually consist of a plastic or wooden box
filled with gravel, supplied with freshwater and covered with a specially designed
perforated lid that allows alevins to move out of the redd. The perforated lid effectively
prevents alevins from re-entering the redd and limits the behaviour of the alevins, so a
different design of artificial redd was required. Therefore, in the first year (spring
1991) two artificial redds were constructed (Figure 2.1.). Each one consisted of a
white plastic container (30cm x 30cm x 30cm) housed within a larger aquarium (60cm
X 45cm x 45cm). Each plastic container was filled with gravel (mean diameter =
2.25cm +/- 0.46 (2 SE)) and was supplied with a continuous flow of freshwater, 2
litres per minute, from an inflow pipe positioned in the centre near the bottom of one
of the sidewalls. As the water flowed into each container, it filtered up through the
gravel, and eventually overspilled the sides of the container into the housing aquarium.
The water from each housing aquarium was drained down into sump tanks where it was
pumped back up into the artificial redds using Rena C40 pumps. Standpipes in the
aquaria maintained the water level at 8cms above the top layer of gravel in the artificial
redd. Alevins moving away from the redd dropped down to the bottom of the
aquarium floor where they were captured and removed each morning.  The height of
the gravel in relation to the aquarium floor acted as a deterrent for re-entry into the
gravel and the efficiency of this method was tested by leaving a group of 12 alevins for
24 hours inside the aquarium. At the end of the 24 hour period 9 alevins were
recaptured i.e. a 75% trapping efficiency.

The young salmon used in this experiment were the mixed progeny of wild fish taken
from the river Endrick. The fertilised ova were kept under ambient light and
temperature conditions for the winter and spring, at the Loch Lomond Anglers hatchery
at Inversnaid (Grid ref, NN395 095). Four hundred ova were taken from the hatchery as
they began to 'eye up'. Two hundred ova were placed into the gravel of each trial redd
on the night of the 21/3/91 using a pipe (diameter : lcm). Ambient temperature at the

-~
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Figure 2.1.

Artificial redd 1991 : a plastic container (30cm x 30cm x 30cm) housed inside a larger
aquarium (90 x 45cm). Each plastic container was filled with gravel (mean size =
2.25cm +/- 0.46 (2 SE)) and supplied with a continuous flow of freshwater, 2 litres
per minute, from an inflow pipe positioned in the centre near the bottom of one of the
sidewalls. Alevins moving away from the redd dropped down to the bottom of the

aquarium floor where they were captured and removed each moming.
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hatchery was 4°C; so the artificial redds were maintained at that temperature, using a
controlled temperature room, for four days after introduction of the eyed ova. The
temperature was then slowly raised by 1°C in the first two weeks, to encourage
development, and then by 1°C a week until a threshold of 10°C was reached. It was
then held constant for the rest of the season (10°C +/- 0.07 SE). Each artificial redd was
_ illuminated by fluorescent strip lights on a controlled photoperiod of 12 hours light / 12
hours darkness from the beginning of the experiment. The two experimental redds, A
and B, experienced the same treatment: daytime light intensity averaged 64.36 +/- 4.32
SE lux, measured with a lux meter, at the water surface and a night-time incident light
levels of 4.5 +/- 1.43 SE lux was set up for alternate nights using a microscope spot
light controlled by a dimmer switch. Hence, the alevins in each redd experienced
alternate nights of light and dark. Collection of alevins, from the bottom of the
aquarium took place each morning. Every alevin was then weighed to the nearest 0.001
of a gram in a 44 x 44 mm weighing boat. Immediately after this the boat was flooded
with water and a Imm grid rule was placed over the alevin to measure its fork length

and yolk sac area (Plate 1).

2.3.2 RESULTS

In experimental redd A 70.5% of the alevins survived and in experimental redd B
72% of the alevins survived. The number of alevins moving each night (Figures 2.2.A
& 2.2.B) was not normally distributed with time in either experimental redd A
(Kolmogorov-Smimnov test, d.f. 122, z = 0.199, p <0.001) or in experimental redd B
(Kolmogorov-Smirnov test, d.f. 121, z = 0.135, p <0.001). In both redds many more
observations lay near the centre of the graph (leptokurtic) than would be expected in a
normal distribution (experimental redd kurtosis = 2.46; replicate redd kurtosis = 1.13).
Furthermore in experimental redd A there was a significant shift to movement from
the gravel on darker nights (Figure 2.2.A) when adjacent pairs of nights were
examined (Wilcoxon paired-sample test, n= 5, t = 15, p = 0.03), see Table 2.2. In
experimental redd B (Figure 2.2.B) there was no significant shift to movements away
from the redd on dark nights when adjacent pairs of nights were examined (Wilcoxon
paired-sample test, n = 6, t = 13, n.s.). No significant differences were found between
the median fork length, weight and yolk sac areas of alevins moving on the same pairs
of nights for either redd (Table 2.3). Two complications, the failure of a pump and a
failure of a bulb, clearly caused more fish to move on the nights of the 22/5/91 and
24/5/9. This may have confounded the overall effect of night time incident light on
movements away from experimental redd B (Table 2.2). Fortunately these problems
did not influence survival nor did they alter development of the alevins as no significant
differences were found between the two trials for fork length (t-test, t = 0.62, DF =41,
n.s),
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Plate 1.
Weighing tray (44 x 44 mm) with alevin underneath a 1mm grid rule. Fork length and
yolk sac were measured to the nearest 0.5mm using this method. Yolk sac was

measured as an area, so the fry in plate has a 7 x 2.5 YS area, and a fork length of

25mm.
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Figure 2.2A

Number of alevins moving nightly away from experimental redd A (total n = 141).
Each division on the x-axis is represented as a date, the total period of movement lasted
from the 12th of May to the 27th of May 1991. On alternate nights (marked in blue) the
alevins were exposed to a 4.5 lux light level. Daily mean temperatures are plotted
against the right hand y-axis. During the period of movement temperature was held

constant at (10°C +/- 0.07 SE).

Figure 2.2B

Number of alevins moving nightly away from the experimental redd B (total n = 144).
Each division on the x-axis is represented as a date, the period of movement lasted
from the 6th of May to the 27th of May 1991. Daily mean temperatures are plotted
against the right hand y-axis. During the period of movement temperature was held

constant at (10°C +/- 0.07 SE).
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Table 2.2

The numbers of alevins moving away from the redd on light and dark nights in each

artificial redd, 1991.

Artificial Redd Variable Light Night | Dark Night | n t pt
(4.5 Lux) (0 lux)

Experimental Redd A | Total number 23 118 5 15 | P < 0.05*

University 1991 Percentage 16.3% 83.7%

Artificial Redd Variable Light Night | Dark Night | n t pt
(4.5 Lux) (0 lux)

Experimental Redd B | Total number 35 109 6 13 n.s.

University 1991 Percentage 24.3% 75.7%

pt Wilcoxon matched-pairs signed ranks test using the number of alevins moving on adjacent nights as

matched pairs

Significantly more alevins moving on dark nights : * P <0.05; ** P <0.01; *** P <0.001.

Table 2.3.

Median size differences between alevins moving away from the redd on light and dark

nights, 1991.

Artificial Redd Variable Light Night Dark Night { n | t pt
(medians) (4.5 Lux) (0 lux)

Experimental Redd A | Weight (g) 0.130 0.15 410 n.s.

University 1991 Fork Length (mm) 27 28 41-2 n.s.
Yolk sac (sq mm) 1.25 1.5 416 n.s.

Artificial Redd Variable Light Night Dark Night [ n | ¢ pt
(medians) (4.5 Lux) (0 lux)

Experimental Redd B | Weight (g) 0.15 0.15 412 n.s.

University 1991 Fork Length (mm) 28 28 410 n.s.
Yolk sac (sq mm) 0.00 0.00 41 n.s.

Significantly larger midwater alevins : * P < 0.05; ** P <0.01; *** P < 0.001
pt Wilcoxon matched-pairs signed ranks test using median measurements of alevins on adjacent nights as

matched pairs
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weight (t-test, t = .08, DF = 45, n.s) and yolk sac area (t-test, t = 1.5, DF = 45, n.s).

To examine the results in more detail the relative proportion of alevins moving on a

single night was calculated. This was done retrospectively using equation :
R, (Relative number of alevins moving nightly )= D, / (Ty-T,)

where D , is the number of alevins moving on a single night, T 4is the total number of
alevins that were caught and T , is the total number of alevins that have moved away
from the redd up until D ,. Hence the expression (74 -T ) gives the remaining alevins
left to move from the redd. For each night R, was calculated and then used in a
stepwise multiple regression analysis. This showed that date was the only significant
predictor of the relative number of alevins moving each night away from experimental
redd (F;;; = 7.83, 12 = 0.416, p <0.05) and for the replicate redd (F,;s =6.71, 2 =
0.31, p <0.05).

2.3.3 DISCUSSION

The first year's pilot study proved more than anything else that it was possible to hatch
out alevins and monitor movements successfully in an artificial redd at Glasgow
University Zoology department. Movement away from the redd was expected earlier
than the end of May and the delay in movement may have been the result of a delayed
hatching time because of the low temperatures the eyed ova were kept at in the artificial
redds. Alternatively the time of initial fertilisation could have been late. However, the
experiment showed that movements of alevins away from a simple artificial redd
system can be suppressed by a light level of 4.5 lux. A light level of 4.5 lux is well
within the visual threshold of juvenile Atlantic salmon (Ali, 1959a,b) and so
disorientation should not have been a cause of movement on a light night. However, the
overall movement from the redd continued heedless of light level. This suggests either
that some fry have not reached a stage of retinal development to see a 4.5 lux light level
and are thus still moving due to disorientation or alternatively the observed movements
away from the redd may be linked to some other behavioural process. To evaluate
which of these possible explanations was more likely, further work was undertaken in

1992 using lower night-time incident light levels.
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Y MOV TS OF ALEV WAY FRO
On the basis of the first year results it was clear that nightly movements may be
suppressed but not stopped by a 4.5 lux night-time incident light level. Further
experiments were therefore set up to repeat this result under slightly different physical
conditions. New artificial redds were designed to simulate a more natural environment,
where fry could orientate themselves towards a current and had the option of moving
through the gravel away from the redd. This latter addition to the design of the redd was
made purely to investigate the recent findings on undergravel movement away from a
natural redd (Garcia de Leaniz et al., 1993b) and the results are presented separately in

the following companion chapter (chapter 3).

The experimental protocol in 1992 was the same as in 1991; light nights alternating with
dark nights. In the second year a control redd was run, where alevins were kept in
continuous darkness at night throughout the period of movement, and in contrast to the
previous year all the ova selected came from a single sibling group.

2.4.1  MATERIALS AND METHODS

The new artificial redds were all made from small rectangular plastic containers,
designed to simulate more natural conditions by giving alevins a surface current to
orientate with as they move away from the redd (a rheotactic stimulus), a choice of

migration method and an external water supply.

Specifications for the new redd were as follows : a plastic container (30cm x 45cm)
was housed inside a larger aquarium (90cm x 45cm). Each container was modified to
allow fish to move either through a platform of surface gravel (see Section 3.3 for
results) or downstream in the water column (Figure 2.3). A fine mesh netlon fence
prevented any alevins from passing through the system without being caught and from

re-entering the redd area after migration.

Constant stream flow over the surface of the redd was provided by a Rena C40 water
pumps; current velocity profiles were taken at Scm transects over the redd using a
streamflo 400 probe. The aquarium was covered with black plastic sheeting to eliminate
any light penetration. A thin strip of sheeting cut away above each redd allowed for a
controlled photoperiod of 8hrs dark/ 16 hrs light to be set for each tank. There was no
dusk period and lights were automatically timed to go on and off.

The eyed ova used in these experiments were the progeny of a single pair of wild grilse,
one sea winter salmon, (Male 73cm & Female 62.5cm) from the river Almond, stripped
on the 26/11/92. The ova were kept under constant low red light and ambient water
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Figure 2.3.

Artificial redd 1992 : a plastic container (30cm x 45cm) housed inside a larger
aquarium (90cm x 45cm). The container was modified to allow fish to move either
through a platform of surface gravel where they were caught by a siphon tube leading to
a bottle trap(see Section 3.3 for results) or downstream in the water column.  Trap
retention efficiency was tested by leaving a group of 25 alevins for 24 hours inside the
aquarium. At the end of the 24 hour period 22 alevins were recaptured ie.a 88%

trapping efficiency.
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temperatures at the S.O.A.F.D Almondbank hatchery, Perthshire. Four hundred eyed
ova were split up into two groups of 200 and placed into two artificial redds in
Glasgow University Zoology Department at night on the 2/3/91.

Eyed ova were kept at a temperature of around 4°C in the hatchery. The ambient
temperature of the water around the artificial redd was around 8°C so during moving
the ova were brought up to this temperature over a 6 hour period. This meant that the
hatch time was slightly accelerated. The water temperature for the rest of the gravel
incubation period was allowed to fluctuate naturally from outside source of water
which flowed through the system at a rate of 1.5-1.6 I/min. The average current
velocity over the surface of the redd was 8.3 + 0.069 cms-! at the surface and 3.2 + 0.87
on the bottom. Both of these velocities are well below the critical levels for moving
downstream alevins as found by Heggennes & Traaen(1988)

Two artificial redds were set up : one as a control and the other as the experiment. In
the control no extra light was provided during night-time i.e. they were kept in total
darkness each night. Combined daylight intensity for both University redds averaged
83.76 +/- 7.72 (2 SE) lux at the water surface and for the experimental redd a night time
incident light intensity of 2 +/- 0.926 (2 SE) lux, was simulated on alternate nights
using a 40W bulb on a dimmer switch. The alevins in the experimental redds therefore
experienced alternate light and dark nights. Alevins caught from the control and the
experiment were then weighed, measured and assessed for their stage of development,

as described in Section 2.2.1.

2.42 RESULTS

In 1992 87% of the alevins in the control redd and 86.5% of the alevins in the
experimental redd survived. Figures 2.4A & 2.4B show the number of alevins moving
each night for each trial. The distribution of nightly alevin movements did not differ
significantly from normality in the experimental redd (Kolmogorov-Smirmov test, d.f.
166, z = 0.059, n.s.), but did in the control where the distribution was significantly
negatively skewed (Kolmogorov-Smirnov test, d.f. 173, z = 0.069, Skewness = -0.646,
o) <0.05).

A Wilcoxon paired sample test was used to assess the influence of night-time incident
light on numbers of alevins moving on alternate nights (Table 2.4). Taking
neighbouring nights as matched pairs showed that there was no significant difference
between neighbouring nights in the control (Wilcoxon paired-sample test, N =6, t=6,
n.s.) but a significant preference for movement on darker nights was found in the
experimental redd, up until the last pair of nights (Wilcoxon paired-sample test, N =7, t
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Figure 2.4.A

Number of alevins moving away nightly from the control redd (Total n = 174) at
Glasgow University. Each division on the x-axis is represented as a date, the total
period of movement lasted from the 30th of April to the 17th of May 1992. Daily
mean temperatures are plotted against the right hand y-axis. During the period of

movement the average temperature was 8.6°c +/- 0.19 (2SE).

Figure 2.4.B

Number of alevins moving nightly away from the experimental redd on light nights
and dark nights (Total n = 173) at Glasgow University. On alternate nights (marked in
blue) the alevins were exposed to a 2 lux light level. Each division on the x-axis is
represented as a date, the total period of movement lasted from the 30th of April to the
14th of May 1992. Daily mean temperatures are plotted against the right hand y-axis.

During the period of movement the average temperature was 8.55°c +/- 0.18 (2SE).
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Table 2.4.

The numbers of alevins moving on

light and dark nights away from the artificial redd,

1992
Artificial Redd Variable Light Night | Dark Night | n t pt
(2 Lux) (0 lux)
Experimental Redd Total number 73 100 71275 P < 0.05*
University 1992 Percentage 42.2% 57.8%
Artificial Redd Variable Light Night | Dark Night | n t pt
(0 Lux) (0 lux)
Control Redd Total number 99 75 6 6 n.s.
University 1992 Percentage 56.9% 43.1%

pf Wilcoxon matched-pairs signed ranks test using the number of alevins moving on adjacent nights as

matched pairs

Significantly more alevins moving on dark nights : * P <0.05; ** P <0.01; *** P <0.001.

Table 2.5.

Median size differences between alevins moving on light and dark nights away from

the redd, 1992

Artificial Redd Variable Light Night Dark Night n t pt
(median) (2 lux) (0 lux)

Experimental Redd | Weight (g) 0.1305 0.131 710 n.s.

University 1992 Fork Length (mm) 27 27 0 0 n.s
Yolk sac (sq mm) 7.5 5 4 | -6 n.s.

Artificial Redd Variable Light Night Dark Night n t pt
(median) (0 lux) (0 Iux)

Control Redd Weight (g) 0.131 0.132 7 10 n.s.

University 1992 Fork Length (mm) 27 27 0 0 n.s.
Yolk sac (sq mm) 3 4 4 10 n.s.

Significantly larger midwater alevins : * P <0.05; ** P < 0.01; *** P <0.001

pt Wilcoxon matched-pairs signed ranks test using median measurements of alevins on adjacent nights as

matched pairs
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= 27.5, p < 0.05), see Figure 2.4B. The weights, lengths and yolk sacs of alevins for
the same pairs of nights did not differ in either the control or the experiment (Table 2.5).

A cross comparison of the two trials showed that fish from the control had significantly
smaller yolk-sacs than fish from the experimental redd (t-test = -5.55; D.F. = 330,
p<0.001).

The relative number of fish moving away from the redd nightly (R,) (see Section 2.3.2)
was used as the dependent variable in a stepwise multiple regression analysis, with date
and water temperature as independent variables. Date was the only significant predictor
of the relative numbers alevins moving in the control (F1,12 = 26.27, r2 = 0.686, p <
0.001) and the experiment (F1,7=44.93,12=0.865, p <0.001).

2.4.3 DISCUSSION

A 2 lux night-time incident light level significantly suppressed nightly alevin
movements. This led to a differential pattern of movement in the experimental redd
with peaks of movements on dark nights. No size differences were found between fish
caught moving on a light night compared with those moving on adjacent dark nights,
which suggests that there were no ontogenetic differences between fish choosing to
move on different nights in the experimental redd. The developmental differences seen
between the control and the experimental redd are most likely to be linked to the
difference in shape between the two distributions. In the control redd more alevins
moved away from the redd towards the tail end of the distribution whereas in the
experiment alevin movements away from the redd were more evenly spread, leading to
a flatter distribution (Kurtosis = -0.76), and so in the experiment the peak of alevin
movement away from the redd was before that of the control redd. These results once
again provide further evidence for a relationship between light level and nightly alevin

movement.



2.5 NIGHTLY MOVEMENTS OF ALEVINS AWAY FROM THE REDD, AT 2.6 LUX,1992

Another set of experimental redds, of the same design as Section 2.4.1, were set up in
1992 to replicate the first year study under a slightly different night-time incident light
level: 2.6 lux and to provide sufficient data for an overall analysis of light level effects

on nightly alevin movements.

2.5.1 MATERIALS & METHODS

The artificial redds used at the University Field Station were identical in design to those
described in Section 2.4.1. Two artificial redds were set up, one as a control and the
other as the experiment. In the control no extra light was provided during night-time
i.e. they were kept in total darkness each night. Four hundred eyed ova, from the same
sibling group used in Section 2.4, were split up into two groups of 200 and placed at
night, on the 2/3/91, into two artificial redds at Glasgow University Field Station,

Rowardennan.

Daylight light intensity averaged 96.34 lux +/- 4.53 (2 SE) for both redds, whilst night
time light intensity for the experimental redd was 2.6 lux +/- 0.74 on alternate nights.
The same experimental protocol was followed as described in Section 2.4.1. The
alevins in the experimental redds therefore experienced alternate light and dark nights.
Alevins caught from the control and the experiment were then weighed, measured and
assessed for their stage of development, as described in Section 2.2.1.

2.5.2. RESULTS

The trials run at the University Field Station suffered a major disaster during the
incubation stage. The water supply to the field station comes directly from Loch
Lomond. Itis significantly colder than the university water supply (T-test,t=-8.6,
DF =34.27, P <0.001) averaging 7.22°C + 0.26 (2SE). Bad weather towards the end
of March stirred up the sediment in the loch which was then carried through the Field
Station's water supply. Unfortunately the redds acted like a fine gravel filter separating
the silt from the water. This must have reduced oxygen levels overnight in the control
(Figure 2.5.A) which led to very low alevin survival rates (12%). However a slightly
higher flow rate through the experimental redd during this critical time led to 83.5% of
the alevins surviving in this redd (Figure 2.5.B). The numbers of alevins moving nightly
from this experimental redd on each night differed significantly from a normal
distribution (Kolmogorov-Smirnov test, d.f. 167, z = 0.111, Skewness = -0.649,
Kurtosis = -0.714, p <0.05). Taking adjacent pairs of nights as matched pairs showed
that there was a significant preference for movement from the redd on darker nights
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Figure 2.5.A

Number of alevins moving nightly from the control redd (Total n = 24) at the
University Field Station. Each division on the x-axis is represented as a date, the total
period of movement lasted from 30th of March to the 9th of April 1992. Daily mean
temperatures are plotted against the right hand y-axis. The disaster indicated on the

graph was an overnight build up of silt in the system.

Figure 2.5.B

Number of alevins moving nightly from the experimental redd (Total n = 173) at the
University Field Station. On alternate nights (marked in blue) the alevins were exposed
to a 2.6 lux light level. The total period of movement lasted from 30th of March to the
6th of May 1992. Daily mean temperatures are plotted against the right hand y-axis.

During the period of movement the average temperature was 7.22°C + 0.26 (2SE).
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Table 2.6.

The numbers of alevins moving on light and dark nights away from each artificial

redd, 1992.
Artificial Redd Variable Light Night | Dark Night n t pt
(2.6 Lux) (0 Lux)
Experimental Redd Total number 58 115 19 | 132 | P < 0.05*
Field Station 1992 Percentage 33.5% 66.5%
Artificial Redd Variable Light Night | Dark Night
(0 Lux) (0 Lux)
Control Redd Total number 10 14
Field Station 1992 Percentage 41.6% 58.3%

pt Wilcoxon matched-pairs signed ranks test using the number of alevins moving on adjacent nights as

matched pairs

Significantly more alevins moving on dark nights : * P < 0.05; ** P<0.01; *** P <0.001.

Table 2.7.

Median size differences between alevins moving away from the redd on light and dark

nights, 1992.

Artificial Redd Variable Light Night Dark Night n t pt
(median) (2.6 Lux) (0 Lux)

Experimental Redd | Weight (g) 0.1325 0.133 19 | 8 n.s.

Field Station 1992 [ Fork Length (mm) 27 27 19 4 n.s
Yolk sac (sq mm) 3.5 2 19 | 20 n.s.

Significantly larger midwater alevins : * P <0.05; ** P <0.01; *** P <0.001

pt Wilcoxon matched-pairs signed ranks test using median measurements of alevins on adjacent nights as

matched pairs




(Wilcoxon, N =19, P =0.038), see Table 2.6. No significant differences were found for
the fork length, wet weight and yolk sac between alevins moving on dark nights and
light nights (Table 2.7). A stepwise multiple regression analysis with date and
temperature as the independent variables and the relative number of fish moving (R,)
from the experiment (see Section 2.3.2) as the dependent variable showed that date
was the only significant predictor of the relative numbers of alevins moving nightly
(F131=25.01,12=0.447, p < 0.001). '

2.5.3 DISCUSSION

In the experimental redd alevin movement on nights with a 2.6 lux night-time incident
light level was significantly suppressed. No size differences were found between fish
moving on a light night compared with those moving on adjacent dark nights which
again does suggest that an ontogenetic difference is unlikely to be the only cause of the
differential patterns of nightly movements. The extended period of movement seen in
the experimental redd may have been attributable to the increase sediment load as well
as to the low temperatures found at the field station in spring (Brénnds, 1988;
MacCrimmon & Gots, 1985). In the control redd the increased mortality is more likely
to be related to reduced oxygen levels, from the drop in flow rate, than to the increased
sediment since mean alevin survival in artificial redds is uninfluenced by an increase in
sediment loading (MacCrimmon & Gots, 1985). Overall the results from the
experimental redd provide further evidence for a relationship between light level and

nightly movements.

2.6 T VEMENT ALEVINS AWAY FROM THE REDD, A 1

The field station disaster of 1992 prompted a further replicate to be done in the final
year, 1993, on the influence of a 3 lux night-time incident light level on nightly
movement patterns. It was carried out to provide sufficient data for an overall analysis
of light level effects on alevin movement away from the redd and was set up to

replicate the previous two year's work using a separate sibling stock of salmon.

2.6.1 MATERIALS AND METHODS

In the spring 1993 the same artificial redds were used as in the spring of 1992 (see
Section 2.31.). The eyed ova used in these experiments were the progeny of a single
pair of wild grilse (Male 73.5 cm fork length & Female 73.5cm) from the river Garry, a
tributary of the River Tay, and were stripped on the 6/11/92. The ova were kept under
constant low light and ambient water temperatures at the Almondbank hatchery,
Perthshire. Two hundred eyed ova were split up into two groups of 100 and placed into
the two artificial redds (one experimental redd and one control redd) in Glasgow
University Zoology Department at night on the 25/3/93. Smaller numbers of eyed ova
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were used in each system than in the second year simply because fewer were available

from the hatchery.

Eyed ova were kept in the hatchery at a temperature of around 4°C . The ambient
temperature of the University water was 8°C so during moving the ova were brought up
to this temperature over a 6 hour period. This meant that the hatch time was slightly
accelerated. The water temperatures for the rest of the gravel incubation period came
from an outside source of dechlorinated water which flowed through the system at a
rate of 1.51 /min. Temperature recorded with a Squirrel data logger, averaged
temperatures were 8.815 +/- 0.1°C (2 SE).

For both redds combined daylight intensity at the water surface averaged 92.6 +/- 6.65
(2 SE) lux. For the experimental redd, a night time incident light intensity of 3.1 +/-
0.85 (2 SE) lux, was simulated on alternate nights using a 40W bulb on a dimmer
switch. The alevins in the experimental redd therefore experienced alternate light and
dark nights. Alevins caught in the control and the experimental redds were then
weighed, measured and assessed for their stage of development, as described in section
2.3.1.

2.6.2 RESULTS

In the control redd 64% of the alevins survived and in the experimental redd 84% of the
alevins survived. Measures of skewness and kurtosis were calculated using the data
plotted in Figures 2.6A & 2.6B. The number of alevins moving nightly away from the
experimental redd was not normally distributed with time (Kolmogorov-Smirnov test,
d.f. 84, z=0.1201, Skewness = -0.6087, Kurtosis = -0.4916, p <0.005). Relatively
fewer alevins moved around the mean date, thus making the overall shape of the
distribution platykurtic (kurtosis = -0.4916). The nightly movements of alevins in the
control redd did not differ significantly from a normal distribution (Kolmogorov-
Smirnov test, d.f. 64, z= 0.1146, Skewness = -0.554, Kurtosis = -0.244, n.s.).

Taking neighbouring nights in the experiment as matched pairs showed that there was a
significant suppression of nightly movement on lighter nights (Wilcoxon paired-sample
test, N=11, t = 56 p< 0.021). No significant effect was found for the control
experiment (Wilcoxon paired-sample test, N=10, t = 23, n.s.)(Table 2.8). No significant
differences were found for the median weights, lengths and yolk sacs when the same

pairs of nights were compared in the control (Table 2.9).

Interestingly, the fish from the control were significantly lighter (t-test =-2.24; D.F. =
139.69, p<0.05) and had smaller yolk sacs (t-test = -2.00; D.F.132.06, P< 0.05). The
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Figure 2.6.A

Number of alevins moving nightly from the control (Total n = 64). Each division on
the x-axis is represented as a date, the total period of movement lasted from 3rd of
April to the 26th of April 1993. Daily mean temperatures are plotted against the right
hand y-axis. During the period of movement the average temperature was 8.82 +0.1°C

2 SE).

Figure 2.6.B

Number of alevins moving nightly from the experiment (Total n = 84). On alternate
nights (marked in blue) the alevins were exposed to a 3 lux light level. Each division
on the x-axis is represented as a date, the total period of movement lasted from the 1st
of April to the 23rd of April 1993. Daily mean temperatures are plotted against the
right hand y-axis. During the period of movement the average temperature was

8.82 £ 0.1°C (2 SE).



01()s%1, $!1--

Q4-38&) ". EI0% $&—<8)+/4)&

YeH YeW Yel YeHO YeHM YeXH YeXW
SDi$

18 —<8)+14)& & .r01 12%0

PUHISH&I O+, $1--

Q4-38&) ". .10% $&—<)+/4)&
YeW Yel YeHO YeHM YeXH YeXW
129% 129% OH 45 6+): 12%0 $&—<8)+/4)&

ON



Table 2.8.

The numbers of alevins moving away from the redd on light and dark nights in each

artificial redd, 1993

Artificial Redd Variable Light Night | Dark Night | n t pf

(3 Lux) (0 Lux) :
Experimental Redd | Total number 32 52 11 | 56 P < 0.05*
University 1993 Percentage 38.1% 61.9%
Artificial Redd Variable Light Night | Dark Night | n t pf

(0 Lux) (0 Lux)
Control Redd Total number 30 50 10 | 23 n.s.
University 1993 Percentage 37.5% 62.5%

pt Wilcoxon matched-pairs signed ranks test using the number of alevins moving on adjacent nights as

matched pairs

Significantly more alevins moving on dark nights : * P <0.05; ** P <0.01; *** P <0.001.

Table 2.9.

Median size differences between alevins moving on light and dark nights, 1993.

Artificial Redd Variable Light Night Dark Night | n t pt
(Median) (3 Lux) (0 Lux)

Experimental Redd Weight (g) 0.126 0.124 71 17 n.s

University 1993 Fork Length (mm) 245 24.5 6 7 n.s.
Yolk sac (sq mm) 17.5 16.25 3 n.s.

Artificial Redd Variable Light Night Dark Night t pt
(Median) (0 Lux) (0 Lux)

Control Redd Weight (g) 0.122 0.124 9| -22 n.s.

University 1993 Fork Length (mm) 24 24 3 4 n.s
Yolk sac (sq mm) 14 14 5| -4 n.s.

Significantly larger midwater alevins : * P <0.05; ** P <0.01; *** P <0.001

pt Wilcoxon matched-pairs signed ranks test using median measurements of alevins on adjacent nights as

matched pairs




relative proportions of fish moving away from the redd (R,) on a given night was
calculated for both the experiment and the control (See section 2.3.2). This
transformed data was then used as the dependent variable in a stepwise multiple
regression analysis, where water temperature and date were the independent variables.
This showed that the only predictor of the nightly movements was date both in the
control (F; ;9=19.35, 12 = 0.504, P < 0.001) and in the experimental redd (F, ;3 =20.247,
12 = 0.529, P<0.001).

2.6.3. DISCUSSION

A three lux light level in the experimental redd significantly suppressed nightly
movements, which provides further evidence for a relationship between light level and
alevin movement away from the redd. A light level of three lux is thought to be well
above the visual threshold for juvenile Atlantic salmon alevins (Ali, 1961) and yet
nightly alevin movements continued even on light nights, which suggests that this
behaviour is more likely the result of a timed behavioural decision than a temporary
disorientation (Ali, 1961). No size differences were found between fish moving on a
light night compared to those moving on adjacent dark nights 1i.e. there were no visible
ontogenetic differences between alevins. However, clear size differences were found
between alevins moving each night in the control and the experimental redd. The
developmental differences seen between the control and the experimental redd are most
likely to be linked to the difference in shape between the two distributions. In the
experiment the peak of alevin movement away from the redd was before that of the

control redd.
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2.7 NIGHTLY MOVEMENTS OF ALEVINS AWAY FROM THE REDD, AT 0.7 LUX.1993
In the final year a very low night-time incident light level was selected for an additional
redd run alongside the control from the last section. The purpose behind this was to

simulate the only natural source of night time incident light in the wild : moonlight.

Moonlight has been found to be an important environmental factor influencing the
behaviour of salmonids. In smolting populations of salmonids many migrations are
known to peak during the darkest nights of the lunar phase (Mason, 1975; Youngson et
al., 1983). Pacific salmon alevins downstream movements are also thought to be
influenced by moonlight: Field-Dodgson (1988) found a weak negative relationship
between number of alevins dispersing and moonlight and Mason (1975) showed peaks

in movement of alevins synchronised with new moons.

The level of moonlight is dependent on lunar phase and local climatic conditions, such
as cloud cover. This means it is not as strong a cue as daylight. Nevertheless the
intensity of moonlight can reach 0.7 lux, or 0.28 Wcm-2, at the full moon (Saunders,
1977) which is within the visual threshold of Atlantic salmon alevins (Ali, 1961). So
moonlight may be an important influence on the movement of Atlantic salmon alevins
away from the redd. The aim of this experiment was therefore to determine whether a
light threshold level of 0.7 lux would significantly suppress movements away from the

redd, as light levels of two lux have been shown to do.

2.7.1 MATERIALS AND METHODS

In the spring 1993 a third identical semi-natural redd (Section 2.4.1) was set up to
examine the effects of moonlight on movement of alevins using the same stock of fish
as described in Section 2.5.1. The experimental set up and conditions were almost
identical as in the previous materials and methods section. The only difference was
the night time incident light intensity of 0.7 +/- 0.56 lux (2 SE), which was simulated
on alternate nights using a 40W bulb on a dimmer switch. So the alevins in the redd did
experience alternate light and dark nights but at a much lower level. Alevins caught
from the control and the experiment were then weighed, measured and assessed for their

stage of development as described in Section 2.3.1.

2.7.2 RESULTS

In the experimental redd 84% of alevins survived. As this work was carried out in the
spring of 1993 the same control redd as in Section 2.5.2 was used for comparison
(Figure 2.7.A). A similar histogram of numbers each night was also plotted for the
experimental redd (Figure 2.7.B). The number of alevins moving nightly from the

experimental redd was not normally distributed with time (Kolmogorov-Smirnov test,
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Figure 2.7.A

Number of alevins moving nightly from the control redd(Total n = 64). Each division
on the x-axis is represented as a date, the total period of movement lasted from 3rd of
April to the 26th of April 1993. Daily mean temperatures are plotted against the right
hand y-axis. During the period of movement the average temperature was 8.82 + 0.1°C

(2 SE).

Figure 2.7.B

Number of alevins moving daily from the experiment (Total n = 80). On alternate
nights (marked in blue) the alevins were exposed to a 0.7 lux light level. Each
division on the x-axis is represented as a date, the total period of movement lasted from
the 2nd of April to the 25th of April 1993. Daily mean temperatures are plotted against
the right hand y-axis. During the period of movement the average temperature was 8.82

+0.1°C (2 SE).

42



01()%1, $1--

Q4-38) ". EI0% $&—<8)+/4)&

YeH YeW Yel YeHO YeHM YeXH YeXW
SDi$

fO/&—<&)+/4)& #B 6+): 12%0

LRSI O+, $1--—

Q4-38) ". .10% $&—<8)+/4)&

YeH YeW Yel YeHO YeHM YeXxH YeXW
SDx$

B# A2 129% RM,45 B ! 6+): 1290 y$&—<&)+/4)&

YO



Table 2.10.

The numbers of alevins moving away from the redd on light and dark nights in each

artificial redd, 1993.

Artificial Redd Variable Light Night | Dark Night n t pt
(0.7 Lux) (0 Lux)
Experimental Redd Total number 41 39 9 15 n.s.
University 1993 Percentage 51.25% 48.75%
Artificial Redd Variable Light Night | Dark Night t pt
(0 Lux) (0 Lux)
Control Redd Total number 30 50 10 | -23 n.s.
University 1993 Percentage 37.5 62.5

pt Wilcoxon matched-pairs signed ranks test using the number of alevins moving on adjacent nights as

matched pairs

Significantly more alevins moving on dark nights : * P <0.05; ** P <0.01; *** P <0.001.

Table 2.11.

Median size differences between alevins moving on light and dark nights, 1993.

Artificial Redd Variable Light Night Dark Night | n t pt
(median) (0.7 Lux) (0 Lux)

Experimental Redd Weight (g) 0.125 0.122 7 22 n.s.

University 1993 Fork Length (mm) 24 24 7 12 n.s.
Yolk sac (sq mm) 17.5 12 4 | -25 n.s.

Artificial Redd Variable Light Night Dark Night | n t pt
(median) (0 Lux) (0 Lux)

Control Redd Weight (g) 0.122 0.124 9 -22 n.s.

University 1993 Fork Length (mm) 24 24 3 4 n.s.
Yolk sac (sq mm) 14 14 5 -4 n.s.

Significantly larger midwater alevins : * P <0.05; ** P <0.01; *** P <0.001

pt Wilcoxon matched-pairs signed ranks test using median measurements of alevins on adjacent nights as

matched pairs
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d.f. 84, z = 0.1358, Skewness = -0.5927, Kurtosis = -0.6132, p < 0.001). The control
trial histogram did not differ significantly from normality (Kolmogorov-Smirnov test,
d.f. 60, z=0.111, Skewness = -0.554, Kurtosis = -0.244, p > 0.05). In the experimental
redd there was no significant suppression of movement on lighter nights (Table 2.10).
In addition no differences were found in body sizes and weights of alevins either
between nights (Table 2.11) or between trials (Paired t-test, p > 0.1). A stepwise
multiple regression using the relative proportion of fish moving nightly (R,), see
Section 2.3.2, as the dependent variable and temperature and date as the independents
showed that the best predictor for both trials was date : control (F; ;9 = 19.35, 12 =
0.504, P <0.001), experiment (F; 50 = 16.32, 12 = 0.449, P < 0.001).

2.7.3 DISCUSSION

Atlantic salmon alevins have a much lower visual threshold than any species or stage
of Pacific salmon, and can possibly see down to 0.01 lux (Ali, 1961). They would have
been able to see at the simulated moonlight level of 0.7 lux and yet this did not
significantly suppress nightly movements on light nights. However, the peak of alevin
movement away from the redd in the experiment was before that of the control redd
which is the same result found for other trials. So although moonlight would appear to
be below the threshold at which alevin movements can be significantly suppressed on
any one night, it may not be below the level to which alevins will respond
behaviourally. This result is similar to that found before and suggests that the peaks of
movement of Atlantic salmon alevins in the wild may well be shifted by an increase in
natural light levels. No size differences were found between fish moving on a light
night compared with those moving on adjacent dark nights and additionally no size
differences were found between alevins moving each night in the control and the
experimental redd. This result again implies that a 0.7 lux light level will not
significantly influence alevin behaviour in a manner similar to that described in Section
243 &2.6.3.
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2.8 _GENERAL DISCUSSION

The three year's results show that above 2 lux there is a significant suppression of
nightly alevin movements away from the redd. No size differences were found between
fish moving on a light night compared with those moving on adjacent dark nights in any
experimental redd. In the 1991 pilot study the temperature was significantly higher
than in 1992 (ANOVA; F 19 = 860.76, P < 0.001) and 1993 (ANOVA; F, ;9 =384.45, P
< 0.001), which is likely to have led to the distinct leptokurtic shape the distribution of
numbers of alevins moving each night (Godin, 1980; Bréinnis, 1988). In addition, the
dispersal period was much later than in other years because of the lower temperature the
alevins were kept at hatching. In 1992 and 1993 the peak of movement away from the
experimental redds was always earlier than in the equivalent control redds. The
difference in distribution between the experiment and control suggests that the peaks
of movement of Atlantic salmon alevins away from the redd may well be shifted by an
increase in natural light levels. This provides some circumstantial evidence for the
observed alevin movements being more closely linked to a timed behavioural decision
and not a temporary disorientation (Ali, 1959a,b). Further evidence for a controlled
movement of animals away from the redd comes from a recent study by Bardonnet et
al.,(1993) who found that visual landmarks (phosphorescent rocks) could delay but not
suppress nightly movements of alevins

Combining the three years data together shows that there is a clear relationship between
light level and nightly movement of alevins (Figure 2.8). This relationship can be seen
when the proportion of alevins moving on light nights for each trial is ranked and
correlated with the equivalent night time incident light intensity (Spearman Rank
correlation r =-0.9429, N = 6, p < 0.01). This specific behavioural response to light
may be interpreted as a negative photokinesis, because the frequency of movement is
dependent on the intensity of the stimulation (Fraenkel & Gunn, 1940). This
correlation alone is strong evidence for a simple photoresponse and not for the
temporary disorientation hypothesis, as put forward by Ali (1959). However this
conclusion still does not explain why individual fish choose to move on a light night

while others do not.

Two possible explanations are either that a retinal developmental difference has led to
some fish becoming visually disorientated or that some alevins are prepared to take the
extra risk of movement on a light night. Evidence for the first of these explanations

comes from a study by Manteifel et al.(1978) on roach fry (Rutilus rutilus) where he

found that larger fry moved downstream later in the night and at lower light
intensities. His explanation for this behaviour was 'during growth, the threshold values

of light intensity for the optomotor reaction become lower'. Hence in the series of
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studies presented in this chapter one might expect to find smaller less developed alevins
which presumably have poorer retinal responses to be moving away from the redd on
lighter nights. No such developmental differences were found between the alevins
moving on a light night compared with those moving on a dark night. However, the
development of retinomotor responses may not be related to the body size of the
Atlantic salmon alevin as it is in the roach; so further work on this is required,
investigating the relationship between retinal development and alevin movement away
from the redd. The second explanation as to why some alevins are still choosing is that
an alevin is faced with certain biotic requirements that must be fulfilled by a certain
stage of their development this may push alevins into taking greater risks i.e. moving
away from the redd on a lighter night. This alternative explanation also implies that
alevins more advanced in their development (i.e. less yolk sac) should be moving away
from the redd on light nights but in none of the above experiments were such size
differences found.

Ali's (1959) original idea that disorientation may be the cause of movement may
therefore still be right if we allow for possible retinal developmental differences which
are not reflected by size differences in alevins. If these retinal differences did exist then
we would still expect to find alevin movement away from the redd beginning soon after
dark as less developed alevins become disorientated. This latter point is investigated in
the next chapter where f{ine scale patterns of the timing and method of movement away

from artificial redds were studied.
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CHAPTER 3
THE TIMING AND METHOD OF MOVEMENTS AWAY FROM THE REDD

3.1 INTRODUCTION

In Scotland wild Atlantic salmon normally hatch out into their gravel nest in March. Twenty to
thirty days after hatching, alevins from a single family will be spread through the gravel around
the redd from a depth of 0.5 metres to a depth of around 1 metre (Stuart, 1953; Garcia de Leaniz
et al., 1993a,b). Towards the end of April they begin their upward ascent through the gravel
towards the surface of the stream bed. Upon reaching the near surface layers of the streambed,
they sense the natural light / dark cycle (Bardonnet & Gaudin, 1990a,b). At this point alevins
begin to move away from the redd at night into the stream and the total period of movement for
any alevin may span a number of nights with successive downstream movements (Plate 2).
Moving at this point is very risky: alevins are entering a completely new environment where
they may encounter a great number of potential predators (see Chapter 1). Not surprisingly
alevin behaviour has evolved to increase their chances of survival; as pointed out by Hoar (1958)
"When many small fish must face a fixed number of predators, the shorter and more precise the
period of contact, the better will be their chance of survival". Thus first movements away from
the redd are clearly important for survival and each night alevins must choose when to start and
stop moving. This chapter therefore investigates the timing and method of movement away from

the redd during this critical stage.

3.1.1 THE TIMING OF MOVEMENT AWAY FROM A REDD

The movement of single alevins from the redd has not been documented very accurately in the
past, partly because of the design of artificial redds used to examine alevin behaviour and partly
due to the difficulties involved when trying to monitor alevin movements throughout the night
(Nunan & Noakes, 1987; Briannés, 1988). However the work that has been done suggests that
alevins choose to leave the redd singly, but that on any given night the interval between
individual movements is temporally clumped (Garcia de Leaniz et al., 1993a). However, often
these studies have sampled only a small fraction of alevins or have observed only hourly
movements of alevins. Studying the timing of individual movements will therefore show when

alevins leave the redd and will give an idea as to why they move at a particular time.
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Plate. 2

Alevin with yolk sac soon after moving away from the redd.
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3.1.2 THE METHOD OF MOVEMENT AWAY FROM A REDD

A recent field study has indicated that there maybe substantial movement of alevins within or
near the stream substrate as well as in the water column (Garcia de Leaniz et al., 1993b). In this
study a single isolated natural redd was studied and the downstream movement of alevins was
monitored using three downstream traps placed 20 metres apart. All marked fish were trapped,
yet throughout the trapping period, a significant proportion were caught in the second trap of the
series as unmarked alevins suggesting that many alevins had somehow evaded capture in traps
further upstream. Since the traps had been carefully buried into the streambed and covered the
width of the stream it was suggested that the only possible means of evasion was through the
gravel (Garcia de Leaniz et al., 1993a,b).  If substantial proportions of alevins do choose to
move through the gravel away from the redd then it may have a substantial influence on other
related behaviours such as temporal clumping and photokinesis (Chapter 2).

This chapter therefore concentrates on the timing and method of alevin movements away from
the redd and is a companion chapter to Chapter 2. Investigations were carried out both during
the course of the experiments described in Chapter 2 and in a newly designed artificial redd.
Three broad sections cover the behaviour observed and they are as follows :

3.2 TIMING OF INDIVIDUAL MOVEMENTS: RESULTS OF FILMING

3.3 UNDERGRAVEL MOVEMENTS AWAY FROM THE REDD : RESULTS OF TRAPPING

3.4 DEPTH AND DIRECTION OF MOVEMENTS AWAY FROM THE REDD
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3.2 TIMING OF INDIVIDUAL MOVEMENTS : RESULTS OF FILMING

In chapter 2 it was shown that light level is an important environmental factor influencing the
nightly movements of alevins away from the redd. This result is also evidenced by the fact that
as the summer days get longer, the start of alevin movements shifts accordingly (Bardonnet &
Gaudin, 1990a,b). Ali (1961) suggested that a temporary state of night blindness at dusk may
cause Atlantic salmon alevins to lose reference points in the stream, resulting in disorientation
and downstream movement. If such a disorientation does occur, then the commencement of the
nightly movement should coincide with the first darkness. Alternatively alevins may wait until
their retinae are fully dark-adapted (circa 35 minutes) before beginning any movements away
from the redd (Ali, 1959a,b; Ali, 1961). To date, the only timing of this nightly movement has
been studied on an hourly basis (Gustafson-Marjanen & Dowse, 1983; Bardonnet & Gaudin,
1990a,b; Garcia de Leaniz et al., 1993a), so the detailed timing of movements of alevins away

from the redd is still unclear.

It is well documented that the bulk of alevins from a single family leave their redd and move
downstream in the first few hours of the night (Godin, 1980; Gustafson-Marjanen & Dowse,
1983; Bardonnet et al., 1993). This high degree of temporal clumping during nightly movements

has led some authors to suggest there is some interaction between individuals, leading to a bulk
movement of alevins away from the redd (Peterman and Gatto 1978; Gustafson-Marjanen &
Dowse, 1983). Such interactions are most likely to include tactile and visual stimuli either above
or below the surface of the gravel near the redd. If such a bulk movement of alevins occurs then
it could be interpreted as a further possible predator swamping effect since overall predator
damage is reduced when prey concentration is high (Hoar, 1958; Brown, 1975). The experiment
described below therefore investigates: (1) the time at which alevins begin moving away from the
redd each night and (2) the temporal clumping of fry movements.

3.2.1 MATERIALS & METHODS

This work was carried out in the spring of 1992 and 1993. The movements of alevins were
filmed in the 1992 control redd (see section 2.3.1). The artificial redd used for this work is
described in Section (2.3.1) and the only modification to the setup was a white plastic grid card,
10 x 25 cm, attached to the platform at the far end of the redd. A small hole was then cut in the
black plastic sheeting surrounding the tanks to allow a camera to view this section of stream
from outside the aquarium (Plate 3). The flow, photoperiod, water temperature, light and stock of
alevins are described thoroughly in Section 2.4.1. A CCTV camera, with a newvicon tube,
allowed this section of the artificial redd to be viewed with a Dennard 880NS50 infra red light at
night. A 880nm filter was used on the light so that the alevins would not detect its presence (Ali,
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1961). The controlled photoperiod of 8hrs dark/ 16 hrs light allowed for eight hours of filming
each night. All films were subsequently analysed to detail the depth and timing of individual

nightly movements. Accurate measurements of alevin size were not possible from the video film.

3.2.2 RESULTS

In total, 56 hours of tape were recorded (7 nights out of 19). All but 4 of the alevins caught on
these nights were seen on the film record (72 out of a possible 76). Of the 72 observed alevins
only four moved away from the redd in the second half of the night. The interval between
individuals was significantly temporally clumped and the majority of movements (66% of the
total) taking place within ten minutes of each other (Table 3.1).  Furthermore, it was evident
from the film analysis that there were two very different types of behaviour exhibited by alevins:

mid-water and bottom movements.

A midwater moving alevin would swim actively (mean velocity :10.9 + 1.76 cm/s) downstream
and was not observed to settle onto the streambed at any time. On the other hand a bottom
moving alevin would remain stationary on the stream bed for short periods of time before
moving off either up into the water column or they would creep very slowly (mean velocity: 4.03
+ 0.95 cm/s) through the gravel (Figure 3.1A). There is a slight overlap in the speed and depth
measurements of the two groups (Figure 3.1A & 3.1B). This overlap is related to the behaviour
of the some of the bottom moving alevins who on occasion would swim up into the water column
and swim downstream. This vertical movement up into the water column increased the average
depth and speed of certain individuals. At no time were midwater alevins seen to touch the

substrate.

There was no significant difference between the nightly dispersal times of the bottom-moving
and midwater moving (Covariance analysis showed that there was no significant difference in
elevation between the two regression lines, F g7 = 2.06, n.s.; or in slope Fp g5 = 0.06, n.s.)
(Figure 3.1C).  Towards the end of the experiment mid-water moving alevins took a
significantly higher route through the water column than at the beginning (Covariance analysis
significant difference in slope between the two regression lines; F; s = 4.61, P < 0.05; Figure
3.2.B)).

3.2.3 DISCUSSION

The movement of alevins from the artificial redd was highly synchronised to the external
light/dark cycle with the peak time of nightly movements occurring between 2-3hours after dark
(Figure 3.1C). This is slightly later than the peak time of nightly movements seen in Brinnis
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Plate 3
The section of stream, downstream of the artificial redd viewed by a camera through the side of

the aquarium. A single grid square was 2 x 2 cm and the total stream depth was 8 cm.
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Table 3.1

between successive alevins) and the expected pattern of temporal clumping.

Observed temporal clumping of alevins (measured as the frequencies of intervals

Poisson

distribution used to calculate expected values (Sokal & Rohlf, 1969), significant differences

shown by partitioned X2.
INTERVAL OBSERVED EXPECTED Partitioned X2
<5 mins 24 5.57
5-10 mins 20 13.61 2.95
10-15 mins 6 16.61 12.37***
20-25 mins 2 13.51 10.82**
25-30 mins 6 8.24 0.42
> 30 mins 6 6.46 0.019

* P <0.05; ** P<0.01; *** P <0.001
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Figure 3.1A

The speed of the two methods of movement (midwater and bottom) seen against date. The
average speed of a bottom moving alevin (4.03 +/- 0.95 cm/sec-1) was faster than the average the
average speed of a midwater moving alevin (10.91 +/- 1.76 cm/sec-!). This is shown by the
significant difference in elevation between the two regression lines (ANCOVAR ; F; 55 =35.55, p
<0.001)

Figure 3.1B

The change in depth of the two methods of movement against time. The average depth of a
midwater moving alevin was 3.57 =+ 0.71 (2SE) cms above the stream bed, whilst a bottom
moving alevin averaged a depth of 0.8696 + 0.198 (2SE) cms above the stream bed. There is
also a significant difference in the slope of the two regression lines (ANCOVAR ; F; 55 = 35.55, p
< 0.001) i.e. midwater moving alevins were moving closer to the surface by the end of the

experiment.

Figure 3.1C

The timing of nightly movement away from the redd, expressed as minutes after dusk. Alevins
from both groups were moving earlier in the night towards the end of the experiment (bottom
moving group r = -0.365, n = 23, p = 0.086); midwater moving group r = -0.558, n = 35, p <
0.001).
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(1988) study, 0-1 hour after dark, and slightly later than Gustafson-Marjanen & Dowse's study
in 1983, 1-2 hours after dark. However, this result is in general agreement with most work done
on alevin movements away from the redd which all points towards the bulk activity occurring in
the first half of the night (Northcote, 1962; Godin, 1982). The one hour change to an earlier
time of movement towards the end of the experiment suggests that late moving fry have a
stronger urge to move; this may well be linked to the depletion of their yolk sac and the need to
start first feeding and is opposite to what Ali's hypothesis would predict (i.e. that the peak time
for nightly movement should not change). The temporal clumping of alevins seen here is also
similar to that found in other studies with the interval between alevin movement remaining

relatively short (Garcia de Leaniz et al,, 1993a).  Gustafson-Marjanen & Dowse (1983)

suggested that this might be a group movement similar to that seen in other salmonids, but at no
time in this present study were groups of alevins seen moving together. So although the
temporal clumping pattern indicates an association in movement patterns, it is not a group
behaviour associated with schooling or with shoaling (Pitcher, 1986) as found in Pacific salmon
fry (Hunter, 1959).

The film work carried out showed that there were two very different types of behaviour; one
involved an alevin emerging from the gravel swimming rapidly head up into the water column
and then swimming downstream in midwater; the other type of behaviour is close to or under the
stream bed. The filmed behaviour of these bottom moving alevins showed that they remain
stationary for long periods (39.07 seconds + 33.42 (2SE)) before resuming movement.. In
addition, these bottom moving alevins would often stop and then burrow into the gravel before
re-appearing further downstream, i.e. having moved through the gravel. This once again
reaffirms the problem of applying rigid definitions, such as emergence or dispersal, to alevin
movement away {rom the redd. Overall the behaviour of moving alevins is very diverse, with
some alevins choosing to move into their first stream environment with great caution, while
others effectively throw their bodies into the current and swim downstream. This difference in
style is clearly reflected by the average velocity of a midwater moving alevin which was twice

that of a bottom moving alevin (i.e. they are travelling a longer distance in a shorter time).

In 1961 Ali suggested that movements of Atlantic salmon alevins at night away from the redd
could be the result of a reduced or impaired visual contact with the environment. In this section
the average time at which the first alevin moved away from the redd was 1 hour 43 minutes and
44 seconds after dark. This is well past the theoretical time limit taken for dark adaptation of the
Atlantic salmon retina (Ali, 1959a,b; 1961). This suggests that movement away from the redd is

not correlated with a visual disorientation. In addition, more developed alevins, with presumably

60



better developed retinas, were moving earlier in the night towards the end of the experimental
period, which is opposite to what Ali's hypothesis would predict.

3.3 UNDERGRAVEL MOVEMENTS AWAY FROM THE REDD : RESULTS OF TRAPPING

During 1992 & 1993 all the artificial redds described in chapter 2 incorporated under-gravel
siphon traps, to separate any alevins moving under the gravel from midwater moving alevins.
This addition to the redd was designed to investigate the recent findings on undergravel

movement away from a natural redd (Garcia de Leaniz et al., 1993b).

3.3.1 MATERIALS & METHODS

Photoperiod, flow, night-time incident light, temperature, tank design and stock of alevins used in
these experiments are thoroughly described in Chapter 2. The undergravel trap was attached to
the end of the 20 cm platform of surface gravel which extended downstream of each artificial
redd (see Figure 3.2A). Alevins moving through the surface gravel on this platform would
eventually reach a mesh trap where a siphon tube would transport them out of the flume and into
a bottle trap below the height of the flume. A bottle trap consisted of a standard plastic container
bottle, 12 cms high, with a hole cut in its side which was covered in mesh. The siphoned water
entered through the top of the bottle and flowed out through the meshed hole in the side wall of
the bottle (Figure 3.2B). The siphon trap was between 8-10cm below the water surface and a
continuous flow of 1.5 I/min through the system ensured that the siphoned outflow did not
exceed the inflow. The siphoned outflow was set at 0.7- 0.8 1/min by adjusting the height of the
bottle traps outside the redds. Siphon trapping retention efficiency was measured by placing 10
alevins in the bottle trap for a 12 hour period. After 12 hours all the ten alevins were caught again

alive, i.e. a 100% retention efficiency.

3.3.2. RESULTS

In both years between 10 and 40 % of the total alevins trapped in every artificial redd were
caught in an undergravel trap. In all redds alevins moving through the gravel (undergravel) were
significantly smaller by at least one condition (weight, yolk sac or fork length) than midwater
moving alevins (Table 3.2). At light levels above two lux midwater moving alevins in the
experiments were significantly larger either by yolk sac size (t-test ; d.f. 330, t = -5.55, P <
0.001) or by weight (t-test ; d.f. 139, t=-2.24, P < (0.05) than in the controls.

The only exception to this was the experiment carried out at the Field Station in 1992. However
this may result from the low number of alevins caught moving through the gravel which in turn
may be related to the high levels of silt in both artificial redds(see Table 3.3). The actual number

moving through the gravel on each night are shown in Figure 3.3 -3.7. The number moving
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Figure 3.2A

Artificial redd used for the study of undergravel movement of alevins. The container was
modified to allow fish to move either through a platform of surface gravel where they were
caught by a siphon tube leading to a bottle trap(see Section 3.3 for results) or downstream in the

water column.

Figure 3.2B

Under gravel trap attached to the artificial redd. Side view
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Table 3.2 Paired t-tests comparing the size differences between midwater and undergravel moving alevins

Lux Undergravel Midwater Difference between
(night) _ group group groups
Artificial Redd Variable X = SE X + SE df t-test | p
Experimental Redd | Weight (g) 2 0.130 £0.001 0.131+£0.001 | 170 | 0.85 | 0.395
University 1992 Fork Length (mm) 26.65 £ 0.074 26.52+0.075 | 165 | -1.24 | 0.217
Yolk sac (sq mm) 6.21 £ 0.386 7.98+£0.441 | 170 |3.04 | 0.01**
Control Redd Weight (g) 0 0.129 + 0.001 0.132£0.000 | 3.86 | 3.86 | 0.001***
University 1992 Fork Length (mm) 26.41 £ 0.104 26.69 £0.052 | 50.5 | 2.41 | 0.05*
Yolk sac (sq mm) 5.01 £ 0.591 5.05+0282 492 | 0.06 | 0.953
Experimental Redd | Weight (g) 2.6 0.130 + 0.002 0.132 £0.001 | 186 | 0.59 | 0.561
Field Station 1992 Fork Length (mm) 26.76 £ 0.187 26.63 £ 0.066 | 20.1 | -0.65 | 0.52
Yolk sac (sq mm) 7.23+1.15 5.01+£0487 | 222 |-1.78 | 0.08
Control Redd Weight (g) 0 0.168 + 0.004 0.i09 +£0.002 | 469 | -1.66 | 0.162
Field Station 1992 Fork Length (mm) 25.75 £ 1.031 2424 £0.217 | 3.27 | -1.44 | 0.239
(High mortality) Yolk sac (sq mm) 155+ 1.5 16.11+1.08 | 6.67 | 0.33 | 0.748
Experimental Redd | Weight (g) 3 0.123 + 0.001 0.127 £0.001 | 63.2 [ 4.03 | 0.001***
University 1993 Fork Length (mm) 24.17+£0.102 24.43+0.077 | 48.5 | 2.02 | 0.05*
Yolk sac (sq mm) 15.46 £ 0.897 1573 +£0.419 | 32.1 | 0.28 | 0.785
Control Redd Weight (g) 0 0.119 £0.001 0.125+0.001 | 25.4 | 4.01 | 0.001***
University 1993 Fork Length (inm) 24.11 £ 0.083 2428 +£0.072 | 32.3 [ 1.54 | 0.134
Yolk sac (sq mm) 1457 +1.07 14.4 £ 0.52 18.1 | -0.15 | 0.885
Experimental Redd | Weight (g) 0.7 0.123 £0.001 0.125+0.001 | 47.1 | 3.13 | 0.01**
University 1993 Fofk Length (mm) 24.19+£0.111 24.44] +£0.07 |28.1 | 1.94 | 0.063
Yolk sac (sq mm) 1447+ 1.14 1469 +£0.515 1 21.5 | 0.18 | 0.858

Significantly larger midwater alevins :*P < 0.05; **P < 0.01; ***P <0.001
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Table 3.3 The numbers of alevins adopting each method of movement in each artificial redd

Influence of

Difference between

light (night) trials

Lux Undergravel | Midwater
Artificial Redd Variable (light group group pt ptt

nights)
Experimental Redd Total number 2 68 105 P >0.05
University 1992 Percentage 39.3% 60.7% P <0.05*
Control Redd Total number 0 34 140 e
University 1992 Percentage 19.5% 80.5%
Experimental Redd | Total number 2.6 18 155 P>0.05
Field Station 1992 Percentage 10.4% 89.6% HIGH
Control Redd Total number 0 4 20 o SILTATION
Ficld Station 1992 Percentage 16.6% 83.4% (High mortality)
Experimental Redd Total number 3 23 61 P >0.05
University 1993 Percentage 27.3% 72.7% P <0.05*
Control Redd Total number 0 16 64
University 1993 (Percentage) 20% 80%
Experimental Redd Total number 0.7 13 38 P >0.05 P>0.05
University 1993 (Percentage) 25.4% 74.6%

pt Wilcoxon matched-pairs signed ranks test using the relative proportion of fish moving under the gravel on

adjacent nights as matched pairs

ptt Wilcoxon matched-pairs signed ranks test using the relative proportion of fish moving under the gravel on

equivalent nights as matched pairs

Significantly more undergravel alevins caught in the experimental redd : *P <0.05; ** P <0.01; ***p < 0.001.
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Figure 3.3A

The total number of alevins caught nightly from the control by the two different methods of
movement : undergravel (n = 34) and midwater (n = 140) at Glasgow University. Each division
on the x-axis is represented as a date, the total experimental period lasted from the 30th of April
to the 17th of May 1992. Daily mean temperatures are plotted against the right hand y-axis; the

average temperature was 8.6°C +/- 0.19 (2SE).

Figure 3.3B

The total numbers of alevins caught nightly from the experiment by the two different methods of
movement : undergravel (n = 68) and midwater (n = 105) at Glasgow University. Each division
on the x-axis is represented as a date, the total experimental period lasted from the 30th of April
to the 14th of May 1992. Daily mean temperatures are plotted against the right hand y-axis;.

average temperature was 8.55°C +/- 0.18 (2SE).
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Figure 3.4A

The total numbers of alevins caught nightly from the experiment by the two different methods of
movement : undergravel (n = 4) and midwater (n = 20) at the University Field Station. Each
division on the x-axis is represented as a date, the total experimental period lasted from the 30th
of April to the 9th of May 1992. Daily mean temperatures are plotted against the right hand y-

axis;

Figure 3.4B

The total numbers of alevins caught nightly from the control by the two different methods of
movement : undergravel (n = 18) and midwater (n = 155) at the University Field Station. Each
division on the x-axis is represented as a date, the total experimental period lasted from the 30th
of April to the 6th of June 1992. Daily mean temperatures are plotted against the right hand y-

axis; the average temperature was 7.22°C +/- 0.26 (2SE).

68




01()$1, $1--

Q4-38) ". .10%

Xwe

XR:

Li4)4 1/

GOR

2)+(&, —12)+ /0

ITHISIRT OO+, $1--

Q4-38&) ". .10%

& OR Yed YeHX

2)+(& —12)+ /0

YeHX

YeHN YeXY

SDi$

04).+ & =12)+ /0

YeHN
sSmx$

YeXY

04).+ & =12)+ /0

Jl

-Q

>$)CGEDi#$ N
o1
iy
¢ X

YeOR WW

[&—<&)+/4)&

$&—<@)+/4)8 C

YeOR WW

[&—<&)+/4)&



Figure 3.5A

The total numbers of alevins caught nightly from the control by the two different methods of
movement: undergravel (n = 13) and midwater (n = 51). Each division on the x-axis is
represented as a date, the total experimental period lasted from the 3rd of April to the 26th of

April 1993. Daily mean temperatures are plotted against the right hand y-axis; the average

temperature was 8.82°C +/- 0.1 (2SE).

Figure 3.5B

The total numbers of alevins caught nightly from the experiment by the two different methods of
movement : undergravel (n = 23) and midwater (n = 61). Each division on the x-axis is
represented as a date, the total experimental period lasted from the 1st of April to the 23 of April
1993. Daily mean temperatures are plotted against the right hand y-axis; the average temperature

was 8.82°C +/- 0.1 (2SE).
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Figure 3.6A
The total numbers of alevins caught nightly from the control by the two different methods of

v Each division on the x-axis is

movement : undergravel (n = 13) and mxdwater (n f 51).
represented as a date, the total expenmental pem ! "1sted fsom Ihc 3rd of Apnl to the 26th of
April 1993. Daily mean tempcratures ai plotted .gamst he Tight sand’ y-ax1s, the average

temperature was 8.82°C +/- 0.1 (2SE).

Figure 3.6B

The total numbers of alevins caught nightly from the experlment by the two dxfferent methods of

movement: undergravel (n = 16) and mxdwater (n = 64) ir:Each dmsnon on the x-axis is

represented as a date, the total expenmental penod lasted fror thgc} *ofj Apnl to the 25th of

April 1993. Daily mean temperatures are lott-d 2 -vnst the ng]*t hand y axis; the average

temperature was 8.82°C +/- 0.1 (2SE).
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