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Summary

Summary

This thesis is a compilation of three long-term studies of on-demand feeding in Atlantic salmon
parr and post-smolts in an aquacultural cage environment. The feeding rhythm studies are
concerned with whether fish show a daily rhythm of appetite in cage culture. The feeding regime
chapters evaluate the effect of an on-demand feeding regime upon growth performance and
production when compared with existing fixed ration regimes. Two studies assess the impact of
feeding regime upon social interactions around meal times, examining aggression and
competition in relation to food presentation. My aim was to show how feeding systems that
preferentially distribute feed in relation to changes in appetite could affect fish production and

welfare in a cage rearing facility.

The AKVAsmart AQ1 adaptive feeding system is the on-demand feeder used throughout this
thesis. It is a system that has been designed principally for cage culture and can manage several
feeding programs, depending upon farmers’ requirements. Chapter 2 reports on the general
configuration of the on-demand feeders for each of cage trials in this thesis, outlining the

behavioural and production implications of the parameters chosen.

Chapter 3 is split into two parts: 3a reports upon the feeding rhythms of Atlantic salmon post-
smolts in sea cages; 3b examines the effect of an on-demand feeding regime upon growth
performance and social interactions between conspecifics. The results of chapter 3a show that
there was a significant peak in feed delivery immediately after first light for two months
following smolt transfer. There was no significant morning peak in feed delivery during June,
three months after transfer. Salinity and daylength were the best predictors of daily feed

requirements, although the univariate regression model only accounted for around 20% of daily



Summary

feeding variability. Feeding did not appear to be regulated by aggression after first light. Chapter
3b suggests that an on-demand feeding regime reduced aggression and competition between
conspecifics in sea cages. It also reduced the incidence of fin injury, which may be attributable to
reduced aggression, decreased stress levels, or a combination of both. A feed regime that
matches feed delivery to daily feed requirements and appetite also improves performance, in
terms of uniformity of growth and production efficiency of post-smolts, when compared with an

existing fixed ration feeding strategy.

Chapter 4 is divided into three sections: 4a provides information on feeding rhythms in freshwater
production cages under ambient conditions from autumn until spring; 4b evaluates the effects of
an on-demand feeding regime on growth performance and production of parr in comparison with
an existing fixed ration regime; and 4c examines how a feeding regime can affect the prevalence

of fin damage and behavioural interactions between conspecifics around meal times.

Chapter 4a reports that the feeding rhythms of cage held Atlantic salmon parr shift with season.
Although there was marginal disagreement between replicates, general trends in feeding patterns
were observed. During late summer and autumn, parr exhibited a significant peak in appetite
after dawn. In winter, the fish showed a tendency to feed in the afternoon until smoltification in '
March, where the fish retained an afternoon peak in appetite whilst extending their feeding
throughout the daylight period outwith dawn and dusk. Daily feed requirements decreased during
autumn and remained low during winter, before increasing in spring. Daylength was a significant
predictor of daily feed delivery for two of the three replicates, with the model accounting for
around 70% of the daily feed variability. Daily variation in feed delivery is absorbed over longer
time periods, where on-demand fed fish select similar daily rations. Feeding commenced at dawn
in all cages within the on-demand treatment during autumn, suggesting that fish do not refrain

from feeding at first light due to aggression, as reported by Kadri et al. (19974).
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Chapter 4b reports the effect of an on-demand feeding regime on growth performance and
production in comparison with a fixed ration regime. There was generally no significant
difference in growth performance and the uniformity of growth between regimes; any differences
observed should be interpreted with caution due to sampling error (see chapter 4b results). The
feeding efficiency of the on-demand feeding system was slightly better than the imposed regime,
suggesting that feeding to tables may overfeed fish at certain times of the year, by offering food
in excess of daily feed requirements. The lower feeding efficiency suggests there was increased
wastage in the fixed ration regime. This pellet wastage can contribute to environmental

degradation, and is therefore undesirable in aquaculture.

Chapter 4c examines the effects of feeding regime upon the prevalence of fin injury and
competition around meal times. Direct behavioural observations suggest on-demand feeding
systems can reduce levels of intraspecific competition around meal times, within large-scale
freshwater production cages. Fish exhibited escalated and more variable swimming manoeuvres
during a meal under an imposed feeding regime, when compared with fish fed on-demand. There
are also higher levels of overt aggression during meals in fish fed a fixed ration. The prevalence
of fin injury was significantly higher in fish fed predetermined rations when compared with those
fed on-demand. This study also suggests a feed regime can influence which fish are affected by
fin injury within a group; in late winter the smailest fish under the imposed regime exhibited a

significantly greater incidence of fin damage, which was not evident in fish fed on-demand.

The final experimental chapter was split into two segments: 5a investigated the feeding rhythms
of cage held Atlantic salmon parr in production cages under an artificial photoperiod (as part of
an accelerated smoltification strategy); 5b examines the effect of an on-demand feeding regime

on growth and production in comparison with an in-house fixed ration regime.

vi
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Chapter 5a shows Atlantic salmon did not exhibit a propensity to feed at all times of the day when
fed on-demand. There were again some disagreements between on-demand fed replicates, but
general trends did emerge. During September under ambient lighting conditions, fish in all
replicates showed a significant morning peak in appetite. This finding was similar to that of
chapter 4a, even though the fish used in that trial were of a different size, strain and held under
different stocking densities. Under constant lighting conditions in October and early November,
the fish generally exhibited no peaks in feeding activity and fish consume around 30-40% of their
daily ration during the illuminated nocturnal period. The best predictor of daily feed
requirements was natural daylength in two of the replicates. Artificially increasing daylength in

autumn did not elicit a corresponding increase in daily appetite.

Chapter 5b examines the effect of on-demand feeding upon growth performance and production
in comparison with an in-house regime delivering predetermined fixed rations. There was no
significant difference in growth performance after one month of the trial, but fish fed on-demand
grew significantly better during the second month, when the fish fed to an imposed regime were
underfed. There was no significant difference in the uniformity of growth between feeding
regimes, which is a similar finding to chapter 4b. Again, on-demand feeding improves feeding

efficiency in the month where the fish fed a fixed ration were underfed.

Chapter 6 reviews the main conclusions and findings of the previous chapters, outlining their

implications for aquacultural feed management strategies.
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Chapter 1- General Introduction

Chapter 1: General Introduction

1.1 The Atlantic salmon

The Atlantic salmon, Salmo salar L., is a widely distributed, anadromous teleost that exhibits an
ontogenetic shift between two disérete habitats: the freshwater and the marine environment. The
freshwater habitat is the spawning and nursery ground, whilst the marine phase is the principal
feeding and growth stage of the life cycle (see Thorpe, 1988). Juvenile salmonids have a flexible
life history and can spend between one and seven years in freshwater before making the
migration to sea (Thorpe et al., 1992). Prior to this migration, the young salmon undergo
smoltification, where individuals transform from freshwater dwelling parr to smolts, which have

the capacity to osmoregulate in seawater.

During the first summer in freshwater, potential migrating and resident individuals differ in their
size trajectories, and by autumn there is a distinct, bimodal difference in metabolic rates and
length frequency distribution (see Thorpe, 1977).  The lower modal group (LMG), with
diminished appetite and growth rates (Metcalfe et al., 1986, 1988) contains individuals that delay
migration and will remain in freshwater for at least another year. The upper modal group (UMG)
incorporates individuals that have retained relatively high growth and metabolic rates and will
complete smoltification the following spring. It has been suggested that these individuals adopt a
fast growth strategy (Metcalfe et al., 1988); a characteristic which is desirable for the aquaculture

industry as there is minimal residence time in freshwater, shortening the growth cycle.

Atlantic salmon exhibit behavioural adaptations that are frequently exclusive in other teleosts. In
the natural freshwater environment, agonistic behaviour is judged to be the fundamental

mechanism for the acquisition of food and territory (Kalleberg, 1958; Keenleyside and
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Yanamoto, 1962; Wankowski and Thorpe, 1979). However, it has been reported that during
their migratory phase in the marine environment, salmon normally form non-aggressive schools

(Kalleberg, 1958) and their governing social behaviour is mutual attraction.

1.2 Atlantic salmon aquaculture

There is a growing recognition of the nutritional advantages of fish protein in the human diet
(Monahan, 1993) and the global decline of ocean fisheries stocks has meant aquaculture is
receiving increasing attention as a source of fresh fish. Atlantic salmon has historically had a
high commercial value as a food source and recent years have seen increasing interest in its
commercial culture. This interest is coupled with increased salmon catches worldwide during the
late 80’s and early 90’s (Johnson, 1998). There are two types of salmon culture (after Laird and
Needham, 1991):

- Total culture. Fish are reared from egg to market under controlled and supervised
conditions and are kept in captivity for the duration of their life cycle. This rearing method is
used in commercial Atlantic salmon aquaculture.

- Partial culture. This is where fish are reared in captivity for only a part of their life cycle.
This may be part of a commercial ranching operation, or as part of a strategy to enhance or

replace depleted wild stocks.

Atlantic salmon aquaculture was first developed as a commercial venture in Norway in the
1960’s with the deployment of floating cages (Monahan, 1993). There was a huge expansion of
farming in the mid-eighties, with 75% of Atlantic salmon production coming from farming in
1985 (Laird and Needham, 1991). Atlantic salmon farming is now found in areas that were
previously outwith the fish’s native range, such as Chile and Tasmania. The market for salmon

is becoming highly competitive, and fish no longer command an attractive market price for the
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aquaculturist (Rasmussen and Ostenfeld, 2000). Producers are turning their attention to
improving the efficiency of existing rearing facilities, to maximise profits and reduce loss. This

can be achieved by reviewing and evaluating feed management.

1.3 Feeding management

Feed management strategies in aquaculture govern feed delivery rate, frequency and duration;
ration size (both within and between days) and the spatial and temporal distribution of feed
(Talbot 1993; Talbot et al., 1999). Erroneous design and implementation of feed management
strategies can have a considerable impact upon the profitability of an aquaculture venture, as feed
costs account for 40% of the outlay of a freshwater farm (D. Mitchell, pers. comm.) and up to
60% of a seawater farm (Blyth et al., 1993). If a farmer does not match feed delivery to the
appetite requirements of fish, it can lead to poor feed conversion ratios (FCR: which is expressed
as the amount of food offered (kg), divided by wet weight gain (kg)). This can lead to a culturist

either over-feeding or under-feeding fish within a rearing facility.

Overfeeding fish is uneconomical because it promotes pellet wastage (Thorpe and Cho, 1995)
and pollutes the environment. In trout farming, reducing FCR from 1.5 to 1.0 reduces
phosphorus discharge from 10-13kgs to 5-7kg, per tonne of fish produced (Alandrd, 1994b).
This phosphorus discharge can potentially enhance primary production in freshwater bodies and
lead to eutrophication (see Cho and Bureau, 1997). Dissolved wastes within the rearing facility
can decrease water quality and be detrimental to fish health (Wedemeyer, 1997). Underfeeding
can also increase FCR (Cho, 1992), reduce growth and increase competition and aggression
(Lundstrom et al., 1990; M°Carthy et al., 1992). Restrictive amounts of food can also promote
growth depensation (Miglavs and Jobling, 1989; M°Carthy et al., 1992) and increase stress levels
due to competition and aggression from conspecifics (Wedemeyer, 1997). These behavioural

stressors are detrimental to animal welfare and can be deleterious upon growth (Pickering, 1993)
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and feed conversion efficiency (Abbot and Dill, 1989).

Ration size is difficult for a farmer to assess, as it can vary both within and between days
(MacLeod, 1977; Juell et al., 1993; Blyth et al.,, 1993; 1999). Many farmers rely upon feed
charts and tables relating to food type and fish size when calculating daily feed requirements for
fish. These tables are based upon extensive research into fish nutrition and have been developed
and revised by commercial feed companies for many years, but they assume fish consume food
whenever it is offered and do not account for diel changes in appetite. In fact, fish do not show a
propensity to feed at all times of the day (Jobling, 1993) and may exhibit preferential peaks in
feed consumption and appetite throughout a day. If feed delivery can be matched to these peaks
in appetite a farmer may be able to improve growth performance. This has been demonstrated in
many commercially cultured species such as: goldfish, Carassius auratus (Noeske et al., 1981;
Noeske and Spieler, 1984), Indian catfish, Heteropneustes fossilis (Sundaraj et al., 1982),
channel catfish, Ictalurus punctatus (Noeske-Hallin et al., 1985), African -catfish,
Heterobranchus longifilis (Kerdchuen and Legendre, 1991) and rainbow trout, Oncorhynchus

mykiss (Reddy et al., 1994; Boujard et al., 1995; Gélineau et al., 1996).

Environmental variables can also affect the feed intake of cultured species, especially in cage
culture where a farmer has little control over abiotic parameters. Even with this apparent lack of
regulation, some variables such as daylength and water temperature can be relatively predictable
and a culturist can integrate their effects into feed management. Light and temperature are
considered the primary environmental factors that govern how much food is consumed by fish
(Brett, 1979; Boujard and Leatherland, 19925). Other environmental factors that can influence
feed intake are: wave action (Juell, 1995); increased wind speed and rainfall (Bégout and
Lagardere, 1993; Juell, 1995); turbidity (Berg and Northcote, 1985; Ang and Petrell, 1997,

Mallekh et al., 1998); oxygen depletion (Thetmeyer et al., 1999) and salinity, after smolt transfer
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(Jergensen and Jobling, 1994; Damsgard and Arnesen, 1998). These variables are very difficult
to manipulate in cage culture, but if they are monitored and an aquaculturist is aware of their

impacts, they can be accommodated in feeding practices.

Other biotic factors can influence feed intake, such as disease (Bloch and Larsen, 1993) or
competition. The feeding rhythms and feed intake of adult Atlantic salmon can be influenced by
the relative size of individuals within the group (Kadri et al., 19975). Atlantic salmon parr have
also been reported to refrain from feeding at first light because of aggression (Kadri et al.,
1997a). In addition to influencing which fish gain access to a feed resource, aggression can
cause fin damage (Turnbull et al., 1998; MacLean et al., 2000), which decreases the market

appeal of whole fish.

1.4 Choice of feeding technique

The techniques used when feeding fish can have an impact on commercial variables and social
interactions between fish in cages. This section will focus on some of the feeding techniques that

are available to the aquaculture industry.

1.4.1 Hand feeding

Hand feeding is one of the most straightforward feeding techniques employed on a farm. The
farmer has daily contact with the fish, and an experienced observer can alter the amount fed to
match the appetite variability within and between cages. This is done by using cessation in
surface feeding activity as an indicator of falling group appetite. However, there are a number of
problems: on large farms it is an extremely labour intensive process and the rate of feed delivery
is entirely dependent upon the individual involved; the fish can only be fed during the hours that

farm staff are present so feeding times are imposed by farm management and not dictated by the
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needs of the fish. The presence of staff around the cages may disturb the fish and cause
premature cessation of feeding, and if the species is not a surface feeder, it can be difficult to
assess when the fish have finished eating. This technique can be enhanced using a mechanical
water cannon or blower that can greatly improve feed delivery rate and distribution, and is less

labour intensive.

1.4.2. Automated fixed ration systems

Many larger farms use automatic feeding systems that distribute a fixed ration of food at certain
times of the day. Although these systems may seem costly at the time of purchase, the overall
site costs are lower because they are less labour intensive. The computerised versions have the
option of a number of different feeding methods, depending on the preferences of the farmer but
they do require a certain degree of computer literacy on the behalf of farm staff. Some larger
systems can also cope with the bulk handling of feed, and allow staff to concentrate on other
essential husbandry jobs. A major benefit for the larger more intensive farm is that these systems
can be used outwith normal working hours. Again there are limitations: there is no consideration
of within/between day appetite variation as this technique is based upon commercially available
or in-house feed tables. It is also difficult to ascertain if all fish have access to the feed resource
and to maintain low pellet wastage (Thomassen and Fjara, 1996). The system removes the need
for daily contact with the fish, although this can have a negative aspect as many farmers use this
period to assess their fish populations for early indicators of health problems, for example.
Furthermore, the farmer may not get the opportunity to detect problems whilst they are in their

infancy and easily manageable.

Both hand feeding and automated fixed ration feeding have been recently coupled with
feedbackloops such as cameras, airlift systems or waste cones in order to minimise pellet

wastage. Such feedbackloops can present a video image, store uneaten food or return food to the
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surface, where a farmer can alter feed delivery in relation to the amount of wasted pellets. These

systems do require an operator present and can be time consuming for the individuals involved.

1.4.3 Automated on-demand feeding systems

Several appetite-based systems have been recently developed whereby farmed fish can be fed on-
demand. With these systems the feeding regime is regulated by the appetite of the fish and not
imposed by farm management; the systems act as an interface between the farmer and the
feeding requirements of fish. Since these systems can continually log the amount of food
delivered as well as managing feed delivery, they can offer biologists the opportunity to
investigate the performance of on-demand fed salmon for comparison with those fed under

standard regimes.

There have been numerous studies of fish fed by operant self-feeders (see, for example, Landless,
1976; Sanchez-Vazquez et al., 1994; Alandrd, 1994qa, 1996, Paspatis and Boujard, 1996). As
these systems have had a limited application in current Atlantic salmon net culture (Alaniri,
pers. comm.) due to scaling up problems, a brief overview of their constituents and application in
culture systems will be given here. Self-feeders rely on fish either pressing or biting a trigger
which releases feed from either a mechanical or automated dispenser. This arrangement can lead
to monopolisation of the trigger by a number of socially dominant fish and reinforce social
hierarchies (Alanird, 1996). There are also energetic costs involved with these on-demand
systems, as the activation of triggers requires a direct input from the fish. These systems
generally release a fixed ration size per feeder actuation and it is therefore important to adjust the
reward level in accordance with fish size, stocking density, environmental parameters and the

feeding behaviour of the cultured species.
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Interactive feedback systems indirectly control feed delivery by monitoring pellet wastage, or
fish activity assessed by video footage or echosounding technology. The experiments throughout
this thesis will use a commercially available system where fish indirectly control their feeding
regime via their appetite: the AKVAsmart AQ1 adaptive feeding system (AKVAsmart UK Ltd,
Inverness). The rationale behind its development is (after Blyth et al., 1993) “to regulate feed
input into salmon cages without human intervention”. This is attained by using an underwater
infra-red sensor that can detect and count uneaten pellets. This data is inputted to feeding
software, which regulates the amount of food offered in relation to pellet wastage (refer to
chapter 2 for a detailed description of the system). The system matches the time of feed delivery
to appetite and gives the farmer an opportunity to integrate feeding variability into feed
management. This is coupled with the ability to change ration size throughout the day according
to changes in appetite. The system logs data on feeding time, frequency and duration and can
identify feeding rhythms, generating information that a farmer can use to adapt and evaluate
existing feeding strategies. Furthermore, the fish themselves do not have to instigate feeder
activation as feed delivery is under the passive control of a feedback loop. This appetite-based
feeding system was used throughout this study, as it has been successfully deployed in Atlantic
salmon sea cage culture to investigate the feeding rhythms of adult fish (Blyth et al., 1993, 1997,

1999).

1.5 Aims and objectives

To my knowledge, there have been no large-scale investigations into the feeding rhythms of parr
in freshwater cage conditions. This thesis is a compilation of three long-term investigations into
the on-demand feeding behaviour of juvenile Atlantic salmon in an aquacultural cage
environment. Chapter 2 outlines the configuration of the AKVAsmart AQ1 systems. Chapter 3
is concerned with the feed management of post-smolts, Chapter 4 addresses feeding in parr and

Chapter 5 addresses the feeding of parr under accelerated smoltification regimes. Each chapter is
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broken down into sections that firstly investigate the feeding patterns of the fish and daily feed
intake, and secondly evaluate the effect of on-demand feeding upon growth and social
interactions in comparison to standard feeding regimes. The layout of the thesis follows the

chronological order in which the experiments were carried out, not the life history of the fish.

Commercial aquaculture needs information on the feeding rhythms of fish and how feeding on-
demand can affect aggression, food acquisition and growth. This information can help a farmer
develop husbandry and feed management practices that promote productivity and welfare, whilst
minimising adverse environmental effects. The feeding rhythm studies (Chapters 3a, 4a and 5a)
are variations on a theme and address whether fish show a daily rhythm of appetite in cage
culture, and what factors may control these rhythms and daily feed intake. This will provide the
aquaculturist with information on daily feed requirements and the best times to feed fish in
relation to changes in appetite. The feeding regime chapters (3b, 4b and 5b) assess the effect of
an on-demand feeding regime upon growth performance and production when compared with
existing fixed ration regimes. The behavioural sections of this thesis (Chapter 3b and 4c)
investigate the impact of feeding regime upon social interactions between conspecifics around
meal times, examining levels of competition and aggression in relation to food presentation.
Competition and aggression can affect fish stress and welfare, and data obtained from on-demand

feeding may help a farmer circumvent some of these problems.
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Chapter 2: The AKVAsmart AQ1 Adaptive Feed System

2.1 Introduction
2.1.1 Aims and content

This chapter will describe and outline the commercially available ‘AKVAsmart AQ1 adaptive
feeding system’, the on-demand feeding system that is used throughout the present study. The
general configuration of the system for each of the production trials, including an outline of the
biological and economical significance of each parameter, will be described in the latter part of

the chapter.

2.1.2 The AKVAsmart AQ1 adaptive feeding system

Several appetite-based feeding systems have been recently deployed where farmed fish can be fed
on-demand. The fundamental principle behind the development of on-demand feeding systems is
that feed delivery is regulated by the needs of the fish and not imposed by the fish farmer. There
are two types of demand feeders (see Alanéré et al., 2001):

- Self-feeders are active on-demand feeders, where fish regulate feed delivery by activating a
trigger.

- Interactive feedback systems are passive on-demand feeders, where feed delivery is
indirectly controlled by monitoring uneaten food or evaluating feeding activity, using the
appetite of the whole group as an index of satiation.

Since these systems continually log information on the amount of food delivered, they can offer

biologists the opportunity to investigate the impact of on-demand feeding upon the growth

performance and behaviour of fish in a commercial aquaculture environment. Throughout this
study I will assume that the data obtained from the on-demand feeders is an accurate reflection of

group appetite.

10



Chapter 2 — Qutline of the AKVAsmart AQ1I system

The AKVAsmart AQ1 adaptive feeding system (AKVAsmart UK Ltd, Inverness) is a system
predominantly designed for cage aquaculture that monitors uneaten food within a rearing unit
(although it has recently been deployed in tank culture). This is attained by using an underwater
infra-red sensor linked to feeding software, which regulates the amount of food offered in relation
to pellet wastage. The system consists of three components: an underwater sensor, a
computerised control unit (AQ1) and feed delivery hardware. A simplification of the algorithm
that regulates the feeding software is: if the sensor detects pellets after feeder activation the fish
are not hungry, cease or reduce feed delivery; if no pellets are detected after feeder actuation the
fish require food, maintain or increase feed delivery. The system can deliver a small amount of
food at user-defined intervals throughout the day to test whether the fish are hungry. The system
matches the time of feed delivery to appetite and gives the farmer an opportunity to integrate
feeding variability into feed management. This is coupled with the ability to change ration size
throughout the day according to changes in appetite. Furthermore, the fish themselves do not
have to instigate feeder activation as feed delivery is under the passive control of a feedback loop.
All information on pellet wastage and feed delivery is stored in the control unit for analysis with

PC based feeding software.

In all trials the AQ1 control unit was linked to a centralised feed hopper with a vibrator feeder
attached to a circular spreader (Sterner AS; Aquatess Ltd, Inverness, UK) and these spread pellets
in a circle across the surface of the cage. The AQI was linked to a conical pellet trap and
underwater pellet sensor, which was suspended in the centre of the cage beneath the group of fish
(Fig 2.1). The cone and sensor were positioned directly beneath the feed hopper although they
could drift along a fixed line with tidal or wind driven currents. The sensor was calibrated in
clean water before the experiments commenced, to facilitate pellet recognition. The sensor must
count 40 pellets before it is calibrated. After calibration the control unit could distinguish

between pellets and foreign bodies that were present in the cages such as algae or faeces. It was
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also capable of single pellet precision and could recognise individual pellets as small as 1.5mm in

length.

The control unit could manage several feeding programs with or without the sensor as a waste
feedback loop. Throughout the thesis the system was primarily utilised as an adaptive on-demand
feeder, regulating the feeder output according to waste detected by the sensor, except where
stated in the text. There were a number of secondary parameters within the adaptive feeding
program that could refine the system to the biological and economic requirements of each trial,

which will be outlined.

2.1.3 The set-up for the AKVAsmart on-demand feeding systems for each trial

The AQ1’s for each trial were set up using a combination of system specific parameters (see
Table 2.1). Their biological and economical significance will be outlined in this section. Each
on-demand feeder was programmed to begin feeding at dawn and cease at dusk unless stated in
each chapter. When feeding commenced the system delivered a pre-set amount of food as a test
to see if the fish were hungry. This was defined as the Minimum Feed Delivery and was the
smallest amount of food delivered per feeder actuation. This setting delivered only a small
amount of food in an attempt to reduce pellet wastage if the fish were not hungry. Maximum
Feed Delivery was the maximum amount of food delivered per feeder actuation. These two
values established the upper and lower feed output thresholds within which the AQ1 operated.
The Maximum Feed Delivery should not limit feed intake. The feed output of the feed
distributor is governed by how much pellet waste the sensor detects. A primary objective of all
three production trials was to reduce pellet wastage and the thresholds for measuring waste
(Pellet Sense High and Low) were set to minimal values. Sensor Depth is the depth (in metres)
from the water surface to the sensor. The sensor was positioned near the base of the net to allow

fish access to the feed resource before it passed through the waste detection cone. Sense-time
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was the time (seconds) that the sensor operated after feed delivery. It commenced when pellets
reached the sensor based on Sensor Depth and Pellet Sink Rate (cm s™'). If the AQ!1 sensed a
number of pellets that were above the Pellet Sense High threshold, the system decreased or
ceased feed delivery. Minimum Sleep Time was the shortest time that the feeder remained
inactive after the Pellet Sense High threshold was breached. This parameter ensured fish were
not offered food when satiated and minimised waste feed due to feeder actuation tests.
Maximum Sleep Time was the longest that feeding operations were suspended after a feeding
episode. The AQI could auto-range between these two settings depending upon the number of
pellets sensed after the Minimum Feed Delivery feeder actuation. Using these parameters I
attempted to allow the fish to feed efficiently to daily satiation. If it appeared that the fish were

being under or over-fed the relevant settings were altered accordingly.
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Table 2.1 An outline of the AQ1 on-demand feeding parameters at the beginning of each

trial. Each on-demand feeding replicate was programmed with the same criteria throughout each

trial
Trial:

AQ1 Parameter Loch Eil post- Glenfinnan S1 Glenfinnan S1/2

smolts parr parr
Minimum Feed Delivery (g) 10 10 30
Maximum Feed Delivery (g) 20 120 230
Min. Sleep time (min.) 30 30 30
Max. Sleep time (min.) 60 30 30
Pellet Sense High 3 2 2
Pellet Sense Low 1 1 1
Sensor Depth (m) 3 3.8 3.8
Sense-time (s) 40 45 45
Pellet Size (mm) 2.3 2 2
Pellet sink rate (cm s™) 10 7.0 7.0
Cone diameter (m) 1 0.5 0.5
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Dqio

iiSilwicr

Fig. 2.1 The cage set-up of the AKVAsmart AQI adaptive feeding
system. Reproduced with permission from AKVAsmart UK Ltd.
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Chapter 3a: The effect of biological and environmental variables on the
feeding rhythms and daily food intake of Atlantic salmon post-smolts in

sea cages

3a.1 Introduction
3a.1.1 Aims and content

This chapter will outline the feeding activity of post smolt Atlantic salmon, Salmo salar, in the
three month period following smolt transfer. I will discuss the variability in appetite within and
between days when a group of fish are allowed to feed on-demand using a commercially
available interactive feedback system. The aim of this study was to see if fish exhibited any
patterns of feed intake in an aquaculture environment and to assess how such patterns were

affected by changes in abiotic variables. This information may help a farmer improve existing

feeding techniques.

3a.1.2 What can affect feed intake?

There can be considerable variability in the feed intake of fish between days (MacLeod, 1977;
Grove et al., 1978; Juell et al., 1993; Blyth et al., 1993), and seasons (Higgins and Talbot, 1985;
Rowe and Thorpe, 1990; Jobling and Baardvik, 1991; Blyth et al 1993,1999). This circadian and
circannual variability in feeding is generally assumed to be under endogenous control, but can be
synchronised and entrained by a number of environmental variables (Boujard and Leatherland,
1992b). Light is considered to be the most important external factor that entrains feeding
rhythms, with the principal entraining agent considered to be changes in the daily light/dark cycle
(Gibson and Keenleyside, 1966; Boujard and Leatherland, 19925b; Eriksson and Alanird, 1992).
A secondary factor that may govern when a fish chooses to feed is temperature. Fraser et al.,

(1993, 1995) reported that juvenile Atlantic salmon switch their feeding patterns from diurnal to
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nocturnal when temperature drops below 10° during the winter months. Feeding intensity may
also be affected by temperature. Metabolic rate is governed by temperature (Brett, 1979) and fish
regulate their feed response according to their metabolism (Wurtsbaugh and Davis, 1977; Jobling
1994, 1997). Long term increases in temperature can stimulate increases in feed intake within a

fish’s tolerance range, although acute or substantial changes may lead to a suppression of appetite

(Alanara, 1992b).

Other environmental variables can have a negative impact upon feed intake and feeding patterns.
These include: oxygen depletion (Thetmeyer et al., 1999); increased ammonium concentrations
from waste products (Beamish and Tandler, 1990); wave action (Bégout Anras, 1995; Juell, 1995;
Mallekh et al., 1998); increased wind speed and rainfall (Bégout and Lagardére, 1993; Juell,
1995); turbidity (Berg and Northcote, 1985; Ang and Petrell, 1997; Mallekh et al., 1998); and
salinity, immediately following smolt transfer (Jergensen and Jobling, 1994; Stradmeyer, 1994;
Damsgard and Arnesen, 1998). Although sea lochs can be subject to considerable hydrological
and meteorological fluctuations, changes in some environmental variables such as light or water
temperature are predictable and can be integrated into feed management strategies.  Other
variables are harder to predict in cage culture systems, but if a farmer is aware of their short term

impacts upon feed intake it may be possible to accommodate these within feeding practices.

Biotic factors such as disease or competition can also govern the expression of feeding rhythms.
Disease or increased parasite loads are potential stressors for fish and may reduce feed intake and
appetite (Bloch and Larsen, 1993; Roberts and Shepherd, 1997). For example, adult Atlantic
salmon held in sea cages may exhibit decreased feed intake and appetite when infested with the
sea lice, Lepeophtheirus salmonis (8. Kadri, unpublished). Intraspecific competition can
influence the expression of feeding patterns when fish are held in groups. There can be high

inter-individual variability in the feeding patterns within groups of rainbow trout, Oncorhynchus
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mykiss (Briannds and Alanidrd, 1997). Kadri et al., (1997b) found feeding rhythms of adult
Atlantic salmon in tanks were associated with the relative size of individuals within the group.
The same authors also found that Atlantic salmon parr defer feeding at first light because of a
high incidence of aggressive encounters (Kadri et al., 19974). This study investigated whether
this deferment of feeding persists in post smolts under commercial rearing densities. Feeding
management strategies may also influence feeding rhythms. Ration size and reward level at each
feeder actuation can modify when a fish chooses to feed (Brannds and Alanird, 1994; Gélineau et
al., 1998). Increased awareness of behavioural impacts upon feeding may be useful information

for farmers when planning feeding strategies.

3a.1.3 The application of feeding rhythm studies to aquaculture

Many commercial feed management strategies are based upon in-house or commercially
available feed tables. These feed tables contain recommendations on a fish’s daily food
requirements, but do not account for changes in daily appetite and assume fish will consume food
whenever it is offered. Many fish species have a distinct daily rhythm in appetite and do not feed
continually (see Kadri et al., 1991), which can lead to food wastage. Feed costs are a critical
outlay in an aquaculture venture and can account for up to 60% of the running costs of a seawater
farm (D. Mitchell, pers. comm; Blyth et al., 1993). An improvement in feeding efficiency on
farms can have considerable influence upon the profitability of a farm and therefore such
improvements have received increased attention throughout the industry. A greater
understanding of feeding rhythms can help a farmer determine when food is eaten and when it is
wasted, which also reduces environmental impacts as wasted feed can contribute to

environmental degradation in cage culture (Cho and Bureau, 1998).

The time of day which fish receive food has been reported to affect growth performance, nutrient

utilisation and proximate composition of many cultured species (see Chapter 1). By matching the

13



Chapter 3a — Feeding of post-smolts

timing of feed delivery to appetite a farmer may be able to improve the efficiency of feed
management strategies (Spieler, 1977, 1990). One could account for this using existing feeding
techniqués by delivering feed prescribed by tables differentially across the day in relation to
changes in appetite, but this is difficult to achieve and labour intensive. An attractive alternative
is to employ commercially available interactive on-demand feeding systems that accurately match

feed delivery to appetite.

3a.1.4 Objectives of the study

In the following study I will examine the feeding of post smolt Atlantic salmon for any diel
rhythms within cage culture, and assess the influence of changes in environmental variables. The

questions I will address during this study are: -

i) Are there any patterns in group appetite and how do they vary within a day?
ii) Are these feeding patterns retained over longer time intervals?
iii) Is there any variability in feed intake between days and over longer time periods? To

what extent can it be explained by environmental variables?

iv) What time of day did feeding commence in relation to sunrise?

If there is a delay in feeding after sunrise it may support the hypothesis of Kadri et al, (19974a)
that fish refrain from feeding due to aggression between conspecifics after first light. The present
study will investigate whether this behaviour is retained under high stocking densities and after
seawater transfer. The results of this chapter are based upon a one-sample study, but I hope the
detailed nature of the data set can provide information on the best way to temporally distribute the

feed resource within a day.
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3a.2 Materials and methods

3a.2.1 Fish husbandry

Fish used in this study were from a pooled, medium maturing hatchery stock of 1+ upper modal
group (UMG) Atlantic salmon that were identified as fish that migrate to sea after one year in
freshwater (Thorpe, 1977). On the 27" March 1998 two groups of approximately 800 fish (mean
weight ca. 55g + 10g S.D.) were transferred from a smolt production site at Glenfinnan (Grid ref:
NM 887 790) to two seawater cages at the Loch Eil Feed Trial Unit (Grid ref: NM 989 778).
Marine Harvest Ltd owned both facilities. Fish were transferred by oxygenated tank and it took
approximately one hour to transfer each group. The trial began on the 1¥ April 1998 to allow
sufficient recovery time from transportation stress. Fish were stocked in 5x5x4m deep cages at
an initial stocking density of approximately 0.4kg m>. At the end of the three-month trial

stocking density had increased to approximately 1.3kg m>. Fig. 3a.l contains further details and

an overview of the study site.

Both cages were fitted with a centrally mounted 25kg feed hopper with a vibrator feeder attached
to a circular spreader (Sterner AS; Aquatess Ltd, Inverness, UK) which spread pellets (Trouw
Royale, Trouw UK Ltd, Northwich, sizes 2.3-3mm according to manufacturers recommendations
for fish size) in a 4 — 4.5m diameter circle. Both feed hoppers were controlled by an AKV Asmart
AQ1 Adaptive Feed System (AKVAsmart UK Ltd, Inverness). (Refer to chapter 2 for a detailed

description of this on-demand feeding system).

Fish in one cage were fed on-demand from dawn until dusk (times defined by the Royal
Observatory, Edinburgh, UK) and fish in the other cage were fed six meals per day starting just
after dawn and ceasing at dusk. At the start of the study ration for the imposed regime was

determined using a combination of sub-surface cameras and visual observation of a cessation of
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surface activity as an estimate of satiation. Ration was then divided equally among six meals and
updated when the fish did not appear to be satiated at the end of a meal. Meal duration in the
imposed regime was five minutes. This six meal, long day feeding strategy was chosen to mimic
current husbandry practices for achieving the best growth performance from automatic feeders in
post-smolts (D. Mitchell pers. comm.). In the on-demand fed group discrete meals were observed
across the day (Boujard and Leatherland, 1992a), but these meals were selected by the group of

fish and were not imposed by feed management protocols.

3a.2.2 Measuring environmental variables

The times of sunrise and sunset for Fort William (Grid ref: NN 108 742) were obtained from the
Royal Observatory (Edinburgh, UK). Daylength (hours) was then obtained by working out the
difference (hours) between the beginning of civil twilight and the end of civil twilight. The Royal
Observatory (Edinburgh, UK) defines these times as the beginning and end of twilight when the

outer edge of the sun’s disc is six degrees below the horizon. The change in daylength from the

previous day {(hours) was also recorded (after Smith et al., 1993)

Salinity and water temperature were measured on the farm at approximately 8.00am each
morning using an electronic monitor (Partech Electronics Ltd, St. Austell, Cornwall), at 4m and"

2m depth respectively. Water clarity (metres) was also measured at 8.00am daily using a secchi

disc.

The British Atmospheric Data Centre (Chilton, Didcot, UK) kindly provided meteorological and
hydrological data, compiled from weather stations in the vicinity of the study site. Data on daily
rainfall were obtained from the Keil weather station (Grid ref: NN 008 650), and data on daily

wind speed and direction were obtained from the Tulloch Bridge Saws weather station (Grid ref:
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NN 350 783). Daily tidal range data (metres between high and low water) were compiled from

Admiralty Tide Tables (1998) using data from Loch Eil head (Grid ref: NM 972 785).

3a.2.3 Manipulation of the on-demand feeding data

On-demand feeding data were manipulated in two ways. Rather than look at absolute time of
day, which lacks a fixed position relative to the light-dark cycle (Spieler, 2001), data were broken
down into fractions of the feeding day (to the nearest minute). To increase the resolution of the

data 10 fractions of the day were selected.

Secondly, it was observed that there were variations in group appetite between days. As the trial
looked at how feeding differed across a day, a Relative Feed Delivery Index was created. This is
a function of the mean of the total amount fed per day, divided by the amount fed during a given
portion of the feeding day. This is expressed as: -
R ¢=[Fq/ Fi
Where: R = Relative Feed Delivery Index
i = ith of the portion of the feeding day (number of feeding increments: 10)
d = dth of day (specified portion of the feeding day e.g. 1 = first increment after sunrise)
F = feed delivery (feed delivery for a given portion of day)

F = mean of daily feed delivery (total feed delivery for day, divided by number of

portions)
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For example: 1= [ 80/ (800/10)]

Where: 1 = RFDI
80 = Feed delivery for a given portion of the feeding day (e.g. first portion after sunrise)
800 = Total feed delivery for day

10 = Number of increments for day

Total daily feed delivery was transformed into amount fed as a percentage of body weight day™,
to correct for increases in the amount of food consumed as fish grew. The time feeding

commenced and ceased in relation to twilight was also recorded.

3a.2.4 Statistical analysis

Statistics were performed using either the computer packages Minitab (v. 11-0, Minitab Inc.,
Philadelphia) or SPSS (v. 10-0, SPSS Inc., Chicago) for MS Windows. A non-parametric
ANOVA (Kruskal-Wallis test) was used to test for possible differences in appetite across a day in
the on-demand fed treatment. A post hoc multiple comparison test (Siegel and Castellan, 1988)
was used to locate any differences observed. Data are presented as median values + first and

third interquartile ranges.

Differences in appetite between days were tested with a Univariate General Linear Model (GLM)
model in SPSS (v. 10-0). Independent variables were: day, daylength (h), change in daylength
from previous day (h), salinity at 4m depth (ppm), water temperature at 2m depth (°C), water
clarity (m), tidal range (m), total daily rainfall (mm d™), average daily wind speed (knots). All
variables were also included in the model with day as an interaction. The dependent variable was
daily ration, which was transformed into amount fed as a percentage of body weight day™'. This

percentage data was further transformed using the arcsin square root procedure to satisfy
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normality and homogeneity of variance requirements. A significance levei of P < 0.05 was used

for all statistical tests.

24



Chapter 3a — Feeding of post-smolts
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Fig. 3a.1. The location of the experimental production cages on Loch Eil, showing initial fish
numbers, stocking densities and average weights at the beginning of the study. Scale bar =2

miles.
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3a.3 Results
3a.3.1 Patterns of feeding across a day

The caged group of on-demand fed salmon in this trial exhibited distinct peaks in appetite across
the day, although this diurnal pattern of feeding was not consistent between months (Fig. 3a.2 and
Fig. 3a.3). During the first month after smolt transfer (April) there was a significant morning
peak in appetite after first light when compared with appetite at dusk (Kruskal-Wallis H,4; =
26.61, d.f. =9, P = 0.002). This peak was also apparent during May (Kruskal-Wallis H,q =
51.44,d.f. =9, P <0.001) in relation to midday, but was not retained during June, when there was
no significant peak in feeding and activity was spread equally across the day (Kruskal-Wallis Hyg;

=14.99,d.f.=9, P =0.091).

3a.3.2 Differences in feed delivery between days

Differences in daily on-demand feed delivery for the whole group of fish were analysed in
relation to a number of abiotic variables using the GLM model in SPSS. It should be noted that
the daily food demand variables are not independent of each other as the data is taken from a
single cage over an extended period of time. The daily variation in feed delivery is shown in Fig.
3a.4. along with manufacturers recommended ration size and the environmental variables
measured. Univariate GLM analysis showed salinity and daylength significantly affect appetite '
and this relationship was positive. The other variables did not significantly affect daily food
demand (see Table 3a.1). Overall, the model accounted for only 18.9% of the variability in daily

food intake.
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3a.3.3 Time that feeding commences and ceases in relation to twilight

Feeding in post-smolt Atlantic salmon fed on-demand in a sea cage commenced at sunrise for the
three-month period following smolt transfer (Fig. 3a.5). There was no clear relationship between

the time of twilight and the cessation of feeding at dusk.

Table 3a.1 The results of univariate General Linear Model comparing daily feed intake
with environmental factors for Atlantic salmon post-smolts in sea cages. R, 4 = 0.189; the

model accounts for 18.9% of the daily variability in feed intake.

Factor Mean square F P

Included in model
Salinity at 4m 5.243 6.102 0.017

Daylength 4.083 4.752 0.034

Excluded from model

Change in daylength 2.27 2.736 0.105
Turbidity 1.924 2.385 0.129
Windspeed 1.528 1.932 0.171
Tidal Range 1.805 2.421 0.127
Temperature 0.586 0.783 0.381
Rainfall 0.267 0.352 0.556
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Fig. 3a.2 The relative daily feed delivery of Salmo salar post-smolts fed on-demand in a
sea cage. Feed delivery began at dawn and ceased at dusk. Error bars indicate interquartile
range. n = sampling days month™. Block on right represents mean daylength month™, and its
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3a.4 Discussion

Fish do not feed with equal intensity at all times of the day (see Jobling, 1993). Feed
management strategies based upon feed tables may not account for this circadian variability in

appetite and may overfeed fish at certain times of the day whilst underfeeding fish at other times

(Kadri et al., 1991).

3a.4.1 Daily and monthly feeding patterns

This study demonstrates that a cage-held group of Atlantic salmon post-smolts exhibit daily
rhythms of feeding activity. This pattern of feed delivery changed as the months progressed.
During April, the first month after smolt transfer, on-demand fed fish exhibited a significant
morning peak in feeding after first light when compared with feeding at dusk. During May there
was a significant difference in feeding between morning and midday, although significant
differences in the timing of feeding were not observed during June. Many other studies on the
feeding behaviour of adult Atlantic salmon in sea cages have reported similar findings; feeding
patterns that are generally crepuscular with a significant morning peak during summer (Hoar,
1942; Kadri et al., 1991; Blyth et al., 1997; Blyth et al., 1999). This pattern has also been
observed at other times of year (Blyth et al., 1993; Juell et al., 1994). In a study on juvenile
Florida pompano, Trachinotus carolinus, Heilman and Spieler (1999) also observed a morning
peak in feeding activity and suggested this peak quickly replenished anabolic substrates and
energy reserves because the fish did not feed at night. The fish in the present trial were not given
an opportunity to feed at night as adult Atlantic salmon are generally considered to be diurnal

feeders (Kadri et al., 1991, 19975; Blyth et al., 1993, 1997; Juell et al., 1994).

The lack of a significant morning peak in feeding activity during June may be due to a number of

factors. Many authors have found appetite can be suppressed after smolt transfer and that it can
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take up to fifty days for all fish to completely resume feeding (Arnesen et al., 1998). Fish can
increase their feed 