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ABSTRACT
The cultivation of fish is a rapidly growing industry. Fish are raised on

farms both for food production, and for release into the wild (i.e. for wild-stock
enhancement). Recently, there has been a move towards more intensive
culturing systems. Intensive culturing allows farmers to enhance farm

production by employing practices that manipulate the biology of their fish
stocks. However, fish are complex creatures, and the practices designed to

manipulate their biology often have many unintended effects. Importantly, these
side effects can result in detrimental impacts on fish farms, which could
potentially outweigh the benefits of using some manipulation practices.

Therefore, before farmers attempt to manipulate their stocks, we need to
understand both what side effects could arise and how such effects could

implicate fish farms. In this thesis, I describe some of the side effects of two

practices commonly used to manipulate fish: the use of compensatory growth,
and the use of feed restrictions.

Compensatory growth is the phenomenon where fish will grow faster

than normal when recovering from periods of growth suppression. Using

compensatory growth in aquaculture represents a unique opportunity to boost
profit margins. For example, food and feeding costs can be reduced, which

suppresses fish growth, but once fish are re-fed, compensatory growth can

ensure that the fish quickly regain normal sizes. Thus, by using compensatory

growth, farmers can reduce costs without reducing harvesting yields. There is a
large body of research addressing the side effects of compensatory growth. In

Chapter 2, I present an opinion article that addresses some of the key areas that
ii

have been neglected, areas that, if researched, will yield important results that

can be applied to fish cultivation. Specifically, three areas are discussed. First, I
suggest that research is hampered by the lack of unifying terminology to

describe the various dimensions of compensatory growth’s side effects. I

proposes specific terms that will aid future research by conveying the nature of
side effects in three dimensions (where effects arise, when they arise, and how

long they last). Second, I discuss the possibility of five potential side effects that
could arise from inducing compensation, but which have been neglected in the

literature. Farmers inducing compensatory growth may unwittingly: i) increase
the occurrence of cannibalism, ii) elevate the incidence of aggression, iii)

increase the rate of deformation, iv) lower resistance to infections, and v)

decrease the physical fitness of the fish. If these side effects arise when using
compensatory growth, there will be many negative consequences on the

productivity and welfare of fish farms. Third, I highlight several methodological
concerns plaguing compensatory growth research, along with a number of

suggestions for improvements. By addressing these three areas, Chapter 2 makes
suggestions that will greatly aid the accumulation of knowledge that can then be
translated to practical applications of the use of compensatory growth on fish
farms.

The second practice that was examined was the use of feed restrictions

(Chapter 3). Typically, fish are fed to satiation on farms, however, farmers often
employ periods of feed restriction. Feed restrictions refer to the practice of

temporarily limiting the amount of food given to fish. These feed restrictions can
last from weeks, to months, before fish are again re-fed to satiation. Feed

restrictions are used of a number of reasons, including to reduce the costs of
iii

purchasing food, to lower the spread of disease from faecal cross contamination,

to decrease the environmental impact of fish farms, and to induce compensatory
growth. Despite the widespread practice of feed restrictions in aquaculture,
there are very few reports regarding the effects of this practice on later fish

behaviour. Chapter 3 presents the results of an experiment addressing such

effects in the western mosquitofish (Gambusia affinis). It was found that an early

period of feed restriction increases the plasticity of aggressive behaviour, but not
the plasticity of activity, risk-taking, or neophobic behaviour. Feed restrictions

also increased the rate that the fish became habituated to novel objects.

Furthermore, there did not appear to be any lasting effects of feed restriction on
the average level of these behaviours. Taken together, these results suggest that

feed restriction does not have detrimental side effects of later behaviour. In fact,
increased behavioural plasticity and rapid habituation are potentially beneficial

for fish cultivation. Elevated behavioural plasticity and rapid habituation indicate
greater capacities to respond and adapt behaviour to environmental changes.
Such abilities should increase the survival of fish when released into the wild.

Moreover, such abilities could also make fish more responsive to other practices
intended to manipulate their behaviour, such as management of aggression.

In summary, both compensatory growth and feed restriction practices

have the potential to manipulate fish in beneficial ways, but we must remember
that both practices can also result in unintended side effects. From our current
understanding of these practices’ side effects, it appears that compensatory

growth produces a large number of detrimental effects, whereas the side effects

resulting from feed restriction do not appear to be overly undesirable. However,
data on the later effects of feed restriction (e.g. effects that persist and/or arise
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after re-feeding) are few and far between, and so we still have a very elementary
understanding of how the practice of restriction will affect fish farms in the long
term. Before these two practices are extensively used on fish farms, we need to

know more about the potentially harmful side effects arising from their use, the

explicit benefits of their use, as well as how these costs and benefits balance out.

Once we gain such an understanding, we can use this knowledge to help farmers
make informed decisions about whether, and how, to use compensatory growth
and feed restriction practices.
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General Introduction
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General Introduction

Aquaculture is a large industry that encompasses the farming of many

aquatic organisms, including fish, amphibians, crustaceans, molluscs, plants, and
reptiles. However, the focus of this thesis is on cultivation of fish, thus when

'aquaculture' is used here, I refer specifically to the culturing of fish (FAO 2012).
Fish are cultivated for a variety of reasons; in addition to cultivating fish for

human consumption, fish are also farm-reared for release into the wild, either to
supplement existing fisheries or for conservation-based reintroduction

programmes (Munro & Bell 1997; Aprahamian et al. 2003; Lucas & Southgate

2003; Le François et al. 2010; FAO 2012). The cultivation of fish has experienced
substantial growth in the last three decades (1980-2010), expanding by almost
12 times at an annual rate of 8.8 % (FAO 2012). One of the key reasons for the
growth of the aquaculture industry is the recent move toward more intensive

culturing systems, whereby the fish are becoming increasingly dependent on the
farmers for their food, water, and oxygen requirements (see Figure 1.1; Asche &
Khatun 2006). The move towards more intensive culturing allows farmers

greater control over the entire production process, which allows farmers to

influence production capacities and welfare standards (Le François et al. 2010).
For example, farmers using intensive-culture systems can indirectly control

aspects of their stock such as the fishes’ health, physiology, and behaviour by

employing practices that manipulate the fishes’ environment (Stickney 1994; Le
François et al. 2010; Herbert et al. 2011; Huntingford et al. 2012b). This can be

illustrated by the use artificial lighting systems – farmers using certain patterns

of moving lights can encourage prolonged periods of exercise in their fish stocks,
which increase their stock’s welfare standard and flesh quality (Davison 1997;
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Huntingford 2010; Herbert et al. 2011; Palstra & Planas 2011). Intensive-culture
systems also allow farmers to play a role in shaping their stock’s genetic

characteristics by employing selective breeding programmes (Gjøen & Bentsen
1997; Gjedrem 2000). Therefore, the level of greater control acquired by using
intensive-culture systems provides fish farmers with opportunities to adopt a

range of practices that manipulate the biology of their stock in ways that can
increase production and/or welfare standards (Asche & Khatun 2006).

However, the practices that are designed to manipulate the biology of fish

stocks may also have unintended side effects (Jobling 2012). These side effects
can have adverse consequences for both the fish and the farmers (Ferno et al.

2011; Huntingford et al. 2012b). Potentially, the adverse side effects arising from
these practices could exceed the benefits. Therefore, before we employ practices
intended to manipulate the fish, it is essential to understand what side effects

can arise and how they can impact production and welfare values (Ali et al. 2003;
Huntingford et al. 2006; Ashley 2007; Attia et al. 2012). Only once fish farmers
understand the side effects that arise when employing practices that

manipulating fishes’ biology can they make informed decisions on whether, or
how, to use these practices.
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Figure 1.1. Schematic depicting the continuum of aquaculture intensity (adapted from

Le François et al. 2010). Intensity refers to the degree of control and management
requirements of the system, with natural ponds that require little attention at one end of

the spectrum and closed re-circulating tanks that require constant monitoring at the
other end. As the intensity of culture systems increases, the control a farmer has over
the production process increases, as does the production capacity of the system. There

has been a recent trend towards the adoption of more intensive culture systems (Asche
& Khatun 2006; FAO 2012).
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This thesis concentrates on two interlinked practices that are used to

manipulate fish; the use of feed restriction and the use of compensatory growth

(Ali et al. 2003; Lucas & Southgate 2003). Both of these practices manipulate the
biology and environment of fish in ways thought to benefit aquacultural

production and fish welfare, but both practices also give rise to numerous side
effects (described in more detail below, and in Boxes 1.1 and 1.3; Metcalfe &
Monaghan 2001; Yearsley et al. 2004).

1.1 The use of feed restriction in fish culture

With the recent push towards intensive culture, production has increased

dramatically, but the fish are becoming more and more dependent on farmers for
their food (Le François et al. 2010; Jobling et al. 2012b; FAO 2012; Jobling et al.
2012a). This dependency may be the largest constraint to the growth of

aquaculture, because the cost of purchasing food is the single largest expense in
aquaculture – representing over half of the cost of fish farming (Mente et al.

2006; Asche & Khatun 2006; FAO 2012). Furthermore, the manufacturing of feed

for aquaculture is thought to be the greatest obstacle for efforts to reduce the

environmental impacts of the aquaculture industry (the topic of environmental

impacts of fish feeding is discussed in detail by Naylor et al. 2009). Consequently,
both scientists and farmers have devoted considerable effort to developing

practices to reduce the amount of feed required on fish farms (e.g. Mente et al.

2006; Attia et al. 2012; FAO 2012).

One of the most simple and widely adopted practices to limit the amount

of feed required by aquaculture is to impose temporary periods of feed
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restriction, whereby the amount of food given to fish is drastically reduced for
days to months before the fish are re-fed to satiation levels (also used in other
agricultural industries, including the cattle, pig, poultry, rabbit, and sheep

industries; Stickney 1994; Mench 2002; Lucas & Southgate 2003; de Jong & Jones
2006; Mitchell 2007; Robb 2008; Jobling 2012; Paten et al. 2012; Pinheiro et al.

2012). Feed restrictions are used in all types of fish culture; on farms that

produce fish for human consumption, to farms raising fish for release into the
wild (i.e. for stock enhancement or for conservation-based reasons; Stickney
1994; Lucas & Southgate 2003; Jobling 2012). By imposing feed restrictions,

farmers can not only reduce their operating costs through purchasing less feed,

but also gain a host of other benefits from the ways restriction manipulates both
the fish and their environment (see Box 1.1 for the main ways feed restriction

manipulates fish and the environment; Abdel-Hakim et al. 2009; Jobling 2012).
For example, feed restriction empties the fishes’ intestines of harmful bacteria,

improves the texture of flesh, alters the fat content of the flesh, and removes the
flavours that are carried over from the feed, which may give the flesh

undesirable flavours (Einen et al. 1998; Robb 2008). Periods of restriction also

lower the metabolism and oxygen demands of fish, which increase survival rates
during routine husbandry measures such as transport, handling, and

vaccinations (Méndez & Wieser 1993; Lucas & Southgate 2003; Huntingford et
al. 2006; Ashley 2007). Additionally, feed restrictions can reduce the spread of
diseases that arise from faecal cross contamination, lower the accumulation of
toxic chemicals (e.g. ammonia), and lessen the environmental impact of fish

farms by improving water quality (Erikson et al. 1997; Lucas & Southgate 2003;
Mente et al. 2006; MacIntyre et al. 2008; Wall 2008). Furthermore, and
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somewhat unexpectedly, feed restrictions may also increase the size and flesh of
fish at harvesting (Ali et al. 2003). Imposing feed restrictions suppress fish
growth, but once the restrictions end and the fish are re-fed, they have a

remarkable ability to bounce back via compensatory and/or catch-up growth

responses (see Box 1.2 for distinction between these two growth responses, and
the next section, Section 1.2, for a detailed discussion of compensatory growth;

Hayward et al. 1997; Ali et al. 2003; Reigh et al. 2006; Weirich et al. 2006; Jobling
2009).

Despite such benefits to the farmers, restricting fishes’ access to food

intuitively has some adverse effects of the fish themselves, which can in turn
impact farm production and welfare standards (see Box 1.1; Metcalfe &

Monaghan 2001). For example, competition for food become intense when food
is not readily available (Damsgård & Huntingford 2012). Increased competition
leads to elevated levels of aggression, resulting in high rates of injury, infection,
and mortality (Noble et al. 2011). The increased competition during feed

restriction can also lead to uneven feed intake, heterogeneous growth, and

increased size variation in fish stocks (McCarthy et al. 1992; Jobling & Koskela
1996; Hatlen et al. 2006). Increased size variation is undesirable on fish farms

because it increases the rate of cannibalism and reduces the market value of fish
stocks (Baras & Jobling 2002; Jobling et al. 2012b). Since there is a possibility

that the detrimental side effects could outweigh the benefits of feed restriction
(Metcalfe & Monaghan 2001; Abdel-Hakim et al. 2009), researchers need to

quantify the various effects of this practice in order to inform fish farmers’ about
whether to use such periods of feed restriction.
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Box 1.1 How does feed restriction produce side effects in fish?

Feed restriction can impact fish biology in two main ways. First, the period
of restriction itself can affect the fish. In other words, it is the low nutrition during
feed restriction that affects the fish. For example, poor nutrition can impair the
proper development of the sensory system, which in turn produces side effects
for behaviour (Jobling 2012; Jobling et al. 2012a).
Second, the changes in nutritional condition may affect the animals rather
than the period of under-nutrition itself. Fish that have experienced feed
restriction also experience a highly variable environment – food is plentiful
before restrictions, scarce during restrictions, and then abundance once more
when restrictions cease. Fish can use these variable conditions as cues to ‘predict’
and adapt to their probable future environment, i.e. one where nutritional
conditions can change dramatically overnight (see Gluckman & Hanson 2008;
Donaldson 2009; Chapman et al. 2010; Tanner et al. 2011; Jobling 2012). Thus,
environmental instability can produce lasting effects on many aspcets of
behaviour and physiology. For example, variable early environments are known
to increase risk of disease in humans (reviewed by Gluckman & Hanson 2008),
and alter the behaviour of fish, crabs, and birds (Donaldson 2009; Chapman et al.
2010; Tanner et al. 2011)

Though much research has been directed towards quantifying the

immediate side effects of periods of feed restriction (i.e. effects that occur during
restriction), little is known about the lasting effects of restricting food levels in

fish (Symons 1968; Méndez & Wieser 1993; Ryer & Olla 1996; Cutts et al. 1998;

Moutou et al. 1998). For example, we know very little about how long the effects

seen during restriction last after fish are re-fed (i.e. the persistence of effects), or

about what effects are deferred and only arise well after re-feeding. A key reason
for this scarcity of data involves researchers failing to account for compensatory
growth when re-feeding fish (but see exceptions by McGhee & Travis, 2011, and
Kahn et al., 2012, who both accounted for the effects of compensatory growth
when investigating how feed restriction altered female mate choice in fish;

Metcalfe & Monaghan 2001). Compensatory growth is the unusually-fast growth
spurt fish typically exhibit when they are re-fed after an extended period of feed

restrictions (see more in Box 1.2, and the next section, Section 1.2; Jobling 2009).
Compensatory growth hinders the ability to investigate the later effects of feed
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restriction because it produces its own side effects which compound with those

of arising from the period of feed restriction itself (see reviews on compensatory
growth's side effects by Metcalfe & Monaghan 2001; Álvarez 2011; Hector &
Nakagawa 2012). Thus, when fish compensate after being re-fed, we cannot

determine whether the observable effects are due to the feed restriction practice
or the subsequent compensatory growth response (Metcalfe & Monaghan 2001;
Ali et al. 2003).

Box 1.2 Effects of feed restriction on
growth patterns

When feed restrictions cease and fish are
re-fed, they can bounce back from the
growth suppression by showing catchup and/or compensatory growth. The
terms ‘catch-up growth’ and
‘compensatory growth’ have often been
used synonymously (Jobling 2009).
However, these terms refer to two
distinct growth patterns. Catch-up
growth refers to feed-restricted fishes’
growth trajectories converging with
those of fully-fed conspecifics, while
compensatory growth refers to the
faster than normal-for-size growth spurt
often exhibited when restrictions end
(Jobling 2009).

Thus, catch-up concerns the outcome of
Figure I. The four growth patterns fish can
recovery and compensation the speed of exhibit when recovering from feed
recovery. Typically, both catch-up and
restrictions:
(A)
catch-up
and
compensation occur together, with
compensation, (B) only catch-up, (C) only
compensation, or (D) neither compensation
recovering animals growing faster than
or catch-up. A normal growth curve is
fully-fed conspecifics and reaching a
depicted in blue, and the manipulated
similar size-at-age (Figure IA; Ali et al.
growth curve in red. The black line
2003; Hector & Nakagawa 2012).
represents the period of restriction.
However, fish can also converge in size
without growing faster (i.e. only catchAsterisks indicate significant differences in
up growth; Figure IB); more rarely, fish
final body size.
can grow faster-than-normal, but not converge in size (i.e. only compensatory growth;
Figure IC); or neither converge in size or grow faster (i.e. no catch-up or compensation;
Figure ID). The exact response to re-feeding depends on the degree, length, and nature
of their feed restriction, in addition to the species in question (Ali et al. 2003). Also note
that these growth patterns can be induced through other forms of growth suppression,
such as low temperature and hypoxia (Metcalfe & Monaghan 2001; Ali et al. 2003).
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1.2 The use of compensatory growth in fish culture
Compensatory growth (henceforth, CG) refers to the phase of faster-than-

normal growth animals show when recovering from a period of growth

suppression (Metcalfe & Monaghan 2001). In aquaculture, CG is most often

induced when fish are re-fed after an extended period of feed restriction (Ali et

al. 2003; Jobling 2009). Inducing compensatory growth has been discussed and
practiced by fish farmers as a means to boost profit margins; costs can be

reduced for a time by employing feed restrictions, which suppresses fish growth,

but once the restrictions are lifted, CG can ensure that fish quickly reach similar
sizes to fish that were fed continuously (see Box 1.2; Hayward et al. 1997; Ali et

al. 2003; Skalski et al. 2005; Reigh et al. 2006; Rosauer et al. 2009). Therefore, CG
allows feed costs to be reduced without any adverse affects on fish mass or
production yields.

However, like feed restrictions, inducing CG produces some adverse

impacts on the fish can that affect aquaculture production and fish welfare (see
Box 1.3 for a brief discussion regarding the ways CG can produce side effects;

Metcalfe & Monaghan 2001). For example, fish undergoing CG are generally poor
swimmers (Farrell et al. 1997; Royle et al. 2006; Álvarez 2011). Poor swimming

abilities lead to inactive fish, which often leads to abnormal behaviour and
muscle growth (Davison 1997; Huntingford 2010; Palstra & Planas 2011).

Through this effect on swimming ability, CG can lead to poor market values of
flesh, lost production capacities, and compromised welfare (Davison 1997;
Palstra & Planas 2011; Huntingford et al. 2012a). Much research has been

directed toward identifying such side effects of CG, but there remain many more
10
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effects yet to be explored in relation to fish and their cultivation (see reviews of

the known side effects of CG by Metcalfe & Monaghan 2001; Ali et al. 2003; Hales

& Ozanne 2003; Álvarez 2011; and a recent meta-analysis by Hector & Nakagawa
2012).

Box 1.3 How does compensatory growth produce side effects in fish?

The side effects observed in CG studies may be caused by two different
factors: i) effects may arise due to the unusually-fast growth of CG; or ii) effects
may arise due to the switching between favourable and unfavourable conditions
(cf. effects of variable environments discussed in Box 1.1; Arendt 1997; Metcalfe &
Monaghan 2001; Donaldson 2009 Chapman et al. 2010; Tanner et al. 2011; Jobling
2012). Side effects may also arise due to interactions between these two factors
(Metcalfe & Monaghan 2001; Ali et al. 2003; Álvarez 2011; Hector & Nakagawa
2012).
Further complicating the matter, some side effects of CG can have additional
knock-on effects. The hyperphagia (eating to excess) usually associated with CG
may itself impose added behavioural costs (Álvarez 2011). The increased foraging
needed to satiate hyperphagic appetites leads to greater risk-taking and
competitive behaviour, which would increase mortality rates of compensating
animals (Jönsson et al. 1996; Damsgård & Dill 1998; Jönsson et al. 1998; Abrahams
& Sutterlin 1999).

Two of the key reasons many of CG’s side effects remain unexplored

involve poor methodology and lack of terminology regarding the nature of side

effects (Ali et al. 2003; Jobling 2009; Nicieza & Álvarez 2009). First, researchers
have often used unsatisfactory methods from which to conduct and analyse
compensatory growth (for a discussion on the methodological flaws of CG

studies, see Chapter 2 and Jobling 2009; Nicieza & Álvarez 2009). For example,
rather surprisingly, we know very little about how long growth must be

suppressed to induce CG (Ali et al. 2003). Additionally, and somewhat more
disturbingly, few studies have taken into account the well-known size

dependency of growth rates when attempting to detect compensatory growth
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(Jobling 2009). Consequently, there are numerous cases where CG has been

falsely detected in the published literature (Nicieza & Álvarez 2009). Second, no
CG researchers have attempted to assign specific terms that describe various
natures of CG’s side effects, such as terms that convey when effects arise and
how long they last. Hence, there is no structure from which to describe and

compare side effects. If these issues are resolved, we will be in a better position
from which to conduct experiments that address the pros and cons of inducing
CG to boost fish farms’ profit margins.

1.3 Overall aims of thesis

The overall aim of this thesis is to describe some of the side effects of

compensatory growth and extended periods of feed restriction in relation to the

culturing of fish (see below). With this knowledge, fish farmers will be in a better
position to evaluate the costs and benefits of using these practices to manipulate

their fish and increase production and/or welfare. The specific aims of individual
chapters are described below.

Chapter 2 presents an opinion article that discusses some of the

unexplored side effects of CG and their relevance to aquaculture production and
fish welfare (for literature reviews and a meta-analysis on the currently known

side effects of CG, see Metcalfe & Monaghan 2001; Ali et al. 2003; Hales & Ozanne
2003; Álvarez 2011; Hector & Nakagawa 2012). Because the use of CG is mainly
beneficial only on farms cultivating fish for food production (Hayward et al.
1997; Ali et al. 2003; Rosauer et al. 2009), I will not discuss implications of

inducing CG to the culture of fish intended for release into the wild. The specific
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aims of this chapter are three-fold. First, I clarify the terminology that describes
the various natures of side effects, i.e. what traits are affected, when do effects
arise, and how long they last. Second, I propose new avenues of research with

regards to some unexplored side effects of CG, all of which have the potential to

greatly impact the production and welfare of fish farms. Lastly, I discuss common
methodological problems in CG studies, with suggestions on how to improve
future investigations into the side effects of CG.

Chapter 3 presents the results of an experiment, which observes the side

effects of an extended period of early feed restriction on later fish behaviour, i.e.
the effects that are present months after the restrictions were ceased and the
fish re-fed. This experiment provides data on the long-term effects of feed

restriction, an area of study that is sorely lacking such empirical observations
because of the confounding effects of CG. It was possible to investigate these

effects because the fish used in the experiment did not exhibit CG. The effects of
feed restriction are quantified by comparing feed-restricted fish to those that

had not experienced any form of feed restriction. Effects are quantified using a

multi-faceted approach to studying behaviour. Specifically, I quantify effects on
two aspects of four behaviours: effects on the average levels, and effects on the

plasticity of activity, aggression, risk-taking, and neophobic behaviour. The way
feed restriction affects these aspects of behaviour can have dramatic

consequences on aquaculture (Box 1.4). Results provide important insights that
can be used for future hypothesis testing and to help inform fish farmer’s

decisions on whether or not to use extended periods of feed restriction. The

experiment presented in this chapter used the western mosquitofish, Gambusia
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affinis, as a model to address this question (see Box 1.5 for a brief description of
this species and why it is as a good model organism for this question).

In the general discussion (Chapter 4), I bring together all the chapters to

consider how the side effects of feed restrictions and compensatory growth

affect their use on fish farms. I discuss the main conclusions of each chapter, the
conclusions implications for fish cultivation, limitations of my research, and
suggest directions for future research.
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Box 1.4 The importance of fish behaviour in aquaculture

Fish behaviour is the final result of all the interactions between the brain,
body, and environment (Ferno et al. 2011). It is vitally important to take into
account how aquacultural practices affect fish behaviour when evaluating their
potential costs and benefits (for very detailed discussions on why fish behaviour is
important in their culture, see Ferno et al. 2011; Huntingford et al. 2012c). There
are two main reasons why behaviour is important to the culture of fish. First, the
way fish behave in captivity is the cause of many of the problems faced by the
aquaculture industry. Behavioural problems arise when the fish express levels of
behaviour that are undesirable (Huntingford et al. 2012b). For example, from the
fish farmer’s perspective, aggression is undesirable – aggression results in poor
health of the fish, and so adversely affects production, welfare, and the survival of
fish released into the wild (Noble et al. 2011; Damsgård & Huntingford 2012).
Behaviourally generated problems may also arise when fish do not express a
behaviour that is desirable (Huntingford et al. 2012b). Farmers desire their fish to
be very plastic in their behaviour, because it ensures their fish are able to adapt
and perform well under a wide range of conditions, such as those encountered
when in culture or when released into the wild (Shustov et al. 1980; Huntingford et
al. 2012d; Jobling 2012; Damsgård & Huntingford 2012). However, fish often
express a limited amount of behavioural plasticity (i.e. behaviour is repeatable),
which can prevent them from adapting to both the artificial culturing environment
and when released into the wild (see reviews by Réale et al. 2007; Sih & Bell 2008;
and a meta-analysis by Bell et al. 2009).
The second main reason for the importance of fish behaviour is that by
understanding why fish behave as they do, we can find solutions to behaviourally
generated problems (Huntingford et al. 2012b; 2012d). For instance, we know that
a fishes’ antagonistic response to conspecifics is fine-tuned to reflect the variable
costs and benefits of fighting (Damsgård & Huntingford 2012). Thus, we can
manipulate the payoffs of fights, either by reducing the benefits or by increasing
the costs; for example by holding fish in flowing water we increase the energetic
cost of fighting and thus reduce the incidence of aggression (Stickney 1994;
Damsgård & Huntingford 2012). Understanding fish behaviour can also contribute
to finding solutions for non-behaviourally generated problems. Through using
practices that manipulate the environmental stimuli fish experience, such as the
amount of light, smell, or nutrition, we can mitigate some of the problems arising
by routine husbandry procedures (Huntingford et al. 2012b). Light stimuli, as a
case in point, can be used to promote swimming behaviour in the fish, which allows
for the farmers the exercise their fish, and thus increase their welfare and flesh
quality (Huntingford 2010; Herbert et al. 2011). Moreover, by knowing how a
fishes’ prior experiences affects their behaviour may allow farmers to selectively
influence their stocks’ experience in ways that improves the fishes’ performance in
culture or when released into the wild (Huntingford et al. 2012d).
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Box 1.5 The western mosquitofish (Gambusia affinis) as a model organism

The western mosquitofish,
Gambusia affinis, is a small,
surface-dwelling fish,
which together with 45
other species comprises
the Gambusia genus
(Figure I; family
Poecillidae;
Rauchenberger 1989).
Much of the biological and
ecological knowledge of
this genus comes from the
Figure I. Detailed sketches of female and male study of the western
Gambusia affinis (image from FishBase 2011). Sexual mosquitofish and its sister
dimorphism is pronounced, with full grown females species, the eastern
mosquitofish (Gambusia
being 4-6 cm and males 3-4 cm.
holbrooki;
Page & Burr 1991; Pyke 2005; 2008).
There are a number of benefits in using mosquitofish as models compared to
the more commercially-important species, such as cyprinids and salmonids. For
example, mosquitofish are very suitable to laboratory work: they are relatively
small (3-6cm), and are thus easily housed in a laboratory; they are easy to bred in a
laboratory, and produce numerous fish for experimentation (50-100 young per
brood (Pyke 2005). Moreover, much is known about mosquitofishes’ nutrition,
growth, and behaviour (Cech et al. 1980; Hughes 1986; Vondracek et al. 1988;
Rehage & Sih 2004; Vanzwoll 2010; Wilson et al. 2010; Cote et al. 2010; 2011; Ward
et al. 2011; Livingston 2011; Burns et al. 2012; Kahn et al. 2012). Therefore, the
western mosquitofish is an ideal laboratory-based model organism from which to
amass our understanding of the effects of feed restriction on behaviour.
Importantly, obtaining results from model organisms is the first step to uncovering
general patterns in nature. Using the generalities derived from model organisms,
we may then make broad predictions about effects arising in commerciallyimportant species with similar physiology/ecology (Huntingford et al. 2012b)
The mosquitofish used in Chapter 3 were bred in the laboratory (F3) from a
population of wild-caught individuals. The founding stock was originally caught at
Waikato University, Hamilton in 2010 (37°47′13″S, 175°18′50″E). The founding
stock was translocated to the Department of Zoology, University of Otago, with
permission from the department of conservation and Otago regional council (see
Appendix 2 for trans-location, holding and breeding permits, and Appendix 3 for
the ethics approval).
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1.4 Presentation of this thesis
This thesis is presented in the form of data chapters, which are placed

into context and bound by the general introduction (Chapter 1) and discussion

(Chapter 4). The original research chapters within this thesis (Chapters 2 and 3)

are written as stand-alone units, design for future publication. Due to this format,

some material is repeated between the chapters, especially in terms of

introductory material. However, to minimise repetition there is some cross-

referencing between chapters.

This thesis also contains four appendices. Appendix 1 contains work that

supports the main text of Chapter 2, while appendices 2-4 provide details

regarding the experiment presented in Chapter 3.

Acknowledgements: There are two main people I would like to thank for their valued
advice on writing this chapter: Laura Bussolini and Shinichi Nakagawa. I would also like
to thank all those that had lent me their old theses (much to their unnecessary
embarrassment) to grasp the structure of a general introduction.
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Abstract
Compensatory growth (CG) is the phenomenon where fish grow faster-than-

normal when recovering from a period of growth suppression. This phenomenon
represents a unique opportunity to boost profit margins in aquaculture. Food

and feeding costs can be reduced temporarily, which suppresses fish growth, but
once the fish are re-fed, CG can ensure that fish quickly regain lost mass and

reach similar sizes to fish continually fed to satiation. Thus, CG allows feed costs
to be reduced without any adverse effects for fish yields. However, this rapid

growth also produces side effects that can have other consequences that may

reduce aquaculture production and fish welfare. Many of these side effects are
yet to be explored. First, I define terminology, which is currently lacking, to
comprehensively describe the various natures of CG’s side effects. Next, by

drawing analogs from compensatory research in other taxa and from studies

investigating the costs of rapid growth, I highlight new avenues of research with

important applications for aquaculture. Five side effects of compensatory growth
are discussed, including the potential for i) the increased occurrence of

cannibalism, ii) an increase in aggression among fish, iii) higher rates of

deformation, iv) lower infection resistance, and v) poorer physical fitness. I then
discuss some methodological issues in compensatory growth studies, and

suggest improvements for future research. By identifying the side effects of

compensation and determining their persistence, we can gain a greater scientific
basis from which to make informed decisions regarding how to use
compensatory growth in aquaculture.
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2.1 Introduction

Compensatory growth (henceforth, CG) is a phase of unusually fast-for-

size growth exhibited when fish are recovering from a period of growth

suppression, such as when food becomes available after a period of scarcity (see

Box 2.1 for more ways CG can be induced; Metcalfe & Monaghan 2001; Nicieza &
Álvarez 2009). This growth spurt often allows fish to catch-up to, or even

overshoot, the size of normally-growing fish (Metcalfe & Monaghan 2001; Ali et
al. 2003; Jobling 2009; Nicieza & Álvarez 2009). Applications of CG have been

discussed and practiced by aquaculture as a means of boosting profit margins.

Costs can be slashed by restricting feed, which suppresses growth, but once feed
restrictions are lifted, CG can ensure fish rapidly reach similar sizes to fish that
were fed continuously (Hayward et al. 1997; Ali et al. 2003; Skalski et al. 2005;

Reigh et al. 2006; Rosauer et al. 2009). Thus, CG allows feed costs to be reduced
without any adverse affects on production. However, CG also has side effects,
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some of which may be detrimental to aquaculture, with ramifications for

production and welfare (Metcalfe & Monaghan 2001; Ali et al. 2003). Therefore,
to determine whether we should use CG as a means of boosting profit margins,

we first need to quantify the side effects that arise, and then use this knowledge
to inform our decision-making.

Quantifying the side effects of CG can be difficult because the nature of

side effects is quite complex; effects can occur in an array of traits, arise at a
diversity time frames, and can last for a varied amount of time (Metcalfe &

Monaghan 2001; Ali et al. 2003; Hales & Ozanne 2003). Further complicating the
issue is lack of terminology from which to describe the complex nature of side
effects. Notwithstanding these difficulties, much research has been directed

towards identifying many of CG’s side effects in fish (see reviews by Metcalfe &

Monaghan 2001; Ali et al. 2003; Álvarez 2011). However, there exist even more
side effects yet to be investigated or thoroughly examined. Such effects may be
underexplored in relation to the culture of fish for least two reasons. Firstly,

some side effects may have only been investigated in non-fish taxa. Secondly,

side effects may have been explored, but only over the short-term, thus we do

not know about how long the effects last or what other side effects arise further
on. Notably, many of the unexplored side effects may have adverse implications

for aquaculture – reducing production and/or compromising welfare. Therefore,
to evaluate the pros and cons of using CG in aquaculture, it is essential for

scientists to continue researching CG’s side effects and for the aquaculture

industry to continue publishing internal reports on the effects of CG. We need to
know what side effects arise, over what timeframes they occur, and how they
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persist, in addition to their potential implications for fish production and
welfare.

Box 2.1 How can compensatory growth be induced?

Fish will exhibit compensatory growth (CG) when favourable conditions
are restored after a period of unfavourable conditions (Metcalfe &
Monaghan 2001). We know at least ten different factors that, if switched
from unfavourable to favourable levels, can induce CG, including: (i) the
quantity of food given to the fish (e.g. Nikki et al. 2004), (ii) the quality of
food provided (e.g. Schwarz et al. 1985), (iii) the stocking density (e.g.
Salas-Leiton et al. 2010), (iv) the photoperiod fish are housed under (e.g.
Mortensen & Damsgård 1993), (v) the temperature of the water (e.g.
Nicieza & Metcalfe 1997), (vi) the salinity of the water (e.g. Basiao et al.
2005), (vii) the concentration of dissolved oxygen (e.g. Foss & Imsland
2002), (viii) through treatment with hydrogen peroxide (e.g. Speare &
Arsenault 1997), (ix) treatment with androgens (e.g. Vera Cruz & Mair
1994), and (x) by low-level ionizing radiation (e.g. Le François et al. 1999).
Though there are a number of methods to induce CG, restricting the
amount of food available is the most commonly used method (Ali et al.
2003; Hector & Nakagawa 2012). Switching between periods of high and
low food availability is also the most practical method to boost profit
margins, because it allows feed costs to be reduced (Ali et al. 2003).

Here, I call attention to some of the unexplored side effects of CG in fish,

with particular focus on consequences that could be of importance to

aquaculture production and fish welfare 1. First, I define specific terms that can

be used to describe the various natures of CG’s side effects. Next, I discuss five

consequences of CG that have yet to be fully explored, specifically how CG effects:
i) cannibalism, ii) aggression, iii) deformation, iv) infection resistance, and v)
physical fitness. To this end, I draw analogs from other taxa to highlight new

avenues of research with important applications in fish culture. Lastly, I discuss
1 The period of growth suppression preceding CG may compromise welfare itself, and

so should be taken into account when deciding to use CG. But, because growth
suppression is an intrinsic part of compensation rather than a side effect (Metcalfe &
Monaghan 2001), this particular issue is not discussed here. Moreover, some
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researchers have suggest that since most fish are adapted to cope with naturally
occurring periods of growth suppression (e.g. growth is slowed during winter),
suppressing their growth may not actually constitute a welfare concern (see reviews by
Huntingford et al. 2006; Ashley 2007; Robb 2008; Jobling et al. 2012b).

some methodological issues in CG studies before suggesting three improvements
for future research. Note that the intention of this paper is not to review the

current knowledge of CG’s side effects, but rather to suggest ways researchers

could help in gaining new scientific information by focusing on the neglected but
potentially important areas of research (for literature reviews and meta-

analyses on the currently known side effects of CG, see Metcalfe & Monaghan

2001; Ali et al. 2003; Hales & Ozanne 2003; Álvarez 2011; Hector & Nakagawa
2012). Such new lines of research will enable fish farmers to make more
informed decisions regarding the use of CG.

2.2 Defining the various natures of side effects
Quantifying the side effects of CG can be extremely difficult owing to the

complex nature of these side effects. Adding to such difficulties is that lack of
terminology to describe the various natures of side effects. Here, I suggest

terminology that describes side effects in three dimensions: where effects arise,
when they occur, and how long they persist.

The first dimension concerns where side effects occur, i.e. what aspects of

the fish are affected. CG has been documented to affect numerous traits, from

behavioural, to physiological, life history, and reproductive attributes (reviewed

in Metcalfe & Monaghan 2001; Ali et al. 2003; Álvarez 2011; Hector & Nakagawa
2012). For example, CG is associated with a substantial increase in fishes’

appetite, whereby fish become hyperphagic (i.e. they eat to excess; Heide et al.
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2006; Oh et al. 2007; Tian et al. 2010). In turn, CG can also result in other

behavioural changes, especially those that are related to increased access to

food, such as hyperactivity, aggression, and risk-taking behaviour (Nicieza &

Metcalfe 1997; Damsgård & Dill 1998; Nicieza & Metcalfe 1999; Hurst et al.

2005). CG’s side effects on physiological attributes include increased digestive

capacities, metabolic rates, and hormone levels (Pedersen 1993; Ali et al. 2003;

Tian et al. 2010; Imsland & Gunnarsson 2011), while some of the life history and
reproductive traits that are affected by CG include, maturation, longevity, and

fecundity (Thorpe et al. 1990; Metcalfe & Monaghan 2001; Morgan & Metcalfe

2001; Bhujel et al. 2007; Inness & Metcalfe 2008; Auer et al. 2010). Importantly,
because of the multitude of traits that are affected by CG, we need to consider
how different side effects interact and relate to each other.

The second dimension of CG’s side effects concerns how long the side

effects last, i.e. the persistence of effects (see Figure 2.1). This dimension is

probably the least understood nature of CG’s side effects, but describes some of
the more important aspects of side effects in terms of implications for

aquaculture. Some side effects may be transitory, lasting only a few days or

weeks (i.e. short-term persistence), such as effects on fish appetites, whereby the
excessive consumption seen during CG dissipates and returns to normal after a

few weeks (Ali et al. 2003; Álvarez 2011). Other side effects may take months or
years to fade (i.e. long-term persistence), while other side effects persist for the

entire life of the animal (i.e. permanent persistence; Metcalfe & Monaghan 2001).
Furthermore, side effects can even persist between generations (i.e. transgeneration persistence; also see Section 2.4.2.1 on trans-generational

persistence). For example, CG in adult butterflies reduces their immune
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responses in addition to the next two generations of offspring (Saastamoinen et
al. 2012).

Importantly, the persistence of CG’s side effects does not necessarily

reflect the persistence of the implications for fish farms. This distinction can be
illustrated by a side effect reported in zebra finches, Taeniopygia guttata; CG
decreased the birds ability to withstand short periods of food deprivation

(Krause et al. 2009). This side effect persisted for more than a year, thus it had
long-term, and potentially permanent persistence. However, this side effect

would only pose implications for fish production and welfare when the fish are
deprived of food. Consequently, the side effect is very persistent but the

implications are not. Another example involves the deformation of fish; evidence
suggests that CG may increase the rate of deformations (see Section 2.3.3 on the

rate deformation). Such a side effect would be permanent, because once a fish is
deformed they will remain deformed for the rest of their life (Branson &

Turnbull 2008). However, the persistence of the side effect’s implications to
aquaculture depends on which type of deformation occurs. For example,

deformations that impede fish from feeding will persistently raise welfare

concerns, while other deformations only compromise welfare occasionally. For

example, heart or lung abnormalities are relatively harmless unless the fish are
exposed to excessive levels of stress (Branson & Turnbull 2008; Noble et al.
2011).

The final dimension of CG’s side effects involves the timeframes when

side effects occur, i.e. the onset of side effects. There are three general

timeframes of when side effects occur: immediate onset, deferred onset, and

recurring onset (see Figure 2.1). Some effects arise immediately during CG (i.e.
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immediate onset). For example, aggression increases, and swimming

performance decreases, quickly during CG (see Sections 2.3.2 and 2.3.5 on

aggression and swimming performance, respectively; Nicieza & Metcalfe 1999;

Royle et al. 2006; Álvarez 2011). Other side effects are deferred and do not arise
until after CG has ended, such as the elevated risk of disease and obesity seen
years after CG in humans and rats (Waterland & Garza 1999; Gluckman et al.
2006). Such side effects are described as having a deferred onset.

The third type of onset, recurring onset of side effects, is a special case

(Figure 2.1). When side effects are recurring, the description of their onset can

become somewhat blurred, because ‘recurring’ can be interpreted as describing

both the onset and persistence of effects. I do not recommend using ‘recurring’ to
describe persistence, because describing side effects as having a ‘recurring
persistence’ does not imply how long effects last when they do occur. For

example, some side effects may arise again and again, but only last for a few days
each time, while others could last for months each time they arise (Figure 2.1).
Thus, I use the term ‘recurring’ to refer to just the onset of effects, i.e. when
effects appear and disappear, only to appear again and again over time.

Currently, the existence of recurring side effects remains theoretical because

such effects have yet to be identified. Therefore, an interesting avenue for future
research would be to verify the existence of such recurring side effects.
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Figure 2.1 Schematic showing two of the three dimensions of CG’s side effects: (a) the three timeframes at which side effects can arise (immediate,
recurring, and deferred onset); and (b) the four categories of persistence (short-term, long-term, permanent, and trans-generational persistence).
Note that the onset of effects does not necessarily determine their persistence; rather side effects can have short-term, long-term, permanent, and/or
trans-generational persistence regardless of when they first start. However, by nature, recurring side effects cannot have permanent persistence.
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2.3 Unexplored consequences of compensatory growth
2.3.1 Effects on cannibalism

Cannibalism, whereby fish consume individuals of their own species, is

common in many cultured fish and can constitute severe issues for aquaculture
(see below; Smith & Reay 1991; Stickney 1994). Yet, CG’s effect on the

occurrence of cannibalism is unexplored. There are two good reasons why CG

may influence cannibalistic tendencies. First, cannibalism may be favoured for a
short time during either growth suppression or CG simply because it is a good
source of food (i.e. immediate onset with a short-term persistence; see Figure

2.1). Fish require nutritionally-rich food to attain the fast growth rates of

compensation (Ali et al. 2003). Such nutritionally-rich food is available through
cannibalism because eating individuals of the same species provides food with
similar chemical composition as the consumer (Bosch et al. 1988; Baras et al.

2003). Thus, cannibalism would be an ideal source of food from which to fuel the

rapid growth of CG.

Second, CG increases aggression and strengthens dominance hierarchies

in fish (with the exception that hierarchies breakdown temporarily when
conditions initially improve; see also effects on aggression, Section 2.3.2;
Damsgård & Arnesen 1998; Álvarez 2011). High aggression and strong

hierarchies result in large differences between individual growth rates (Cutts et
al. 1998; Moutou et al. 1998; Damsgård & Huntingford 2012). During CG, for

example, the more aggressive and socially-dominant Atlantic salmon (Salmo
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salar) monopolise feeding areas, consume more food, and consequently grow
faster than sub-dominant fish (Nicieza et al. 1994; Maclean & Metcalfe 2001).
Similar growth variation is also seen in compensating Pacific halibut

(Hippoglossus stenolepis), Artic charr (Salvelinus alpinus), and rainbow trout

(Oncorhynchus mykiss; Mortensen & Damsgård 1993; Jobling & Koskela 1996;
Hurst et al. 2005). This growth variation promotes individual size disparity
within a population, whereby the gap between the largest and smallest fish

widens. As the size disparity increases, the larger fish become increasingly able
to catch and eat smaller individuals, consequently, cannibalism becomes more
prevalent (Smith & Reay 1991; Baras & Jobling 2002). It is feasible that CG

increases the prevalence of cannibalism during CG, but because size disparities

may persist for a long time (Baras 1999), these effects are potential long lasting
(i.e. long-term persistence; see Figure 2.1). Thus, there are two reasons to

suggest that inducing CG will probably increase cannibalism in fish stocks.

If future research shows that inducing CG does increase cannibalism, we

may need to re-evaluate the usage of CG in aquaculture. Cannibalism in

aquaculture is highly detrimental to both production and welfare (reviewed in

Baras & Jobling 2002). In fact, a high rate of cannibalism in some species, such as
the cultured pike, Esox lucius, may make their use in aquaculture economically
unviable (Ziliukiene & Ziliukas 2006). From the perspective of welfare, fish
welfare may be compromised in two ways. On the one hand, small, non-

cannibalistic fish will be chronically stressed because housing them with larger,
cannibalistic fish is akin to housing them with a predator. Consequently, the

small, non-cannibalistic fish will have poor health, feed conversions, and reduced
ability to fight off infections (also see effects on infection resistance, Section
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2.3.4; Barton & Iwama 1991; Wedemeyer 1997; Huntingford et al. 2006). On the
other hand, the large, cannibalistic fish will also have compromised welfare
owing to their increased chance of contracting disease when consuming

members of their own species. For example, Tiger salamanders (Ambystoma

tigrinum) have a 42% greater chance of dying from a disease contracted from
infected food, when that food is a member of its own species (Pfennig et al.

1998). The risk of infection is elevated because cannibals run higher risks of

consuming pathogens that are specifically adapted to their own species (Pfennig
et al. 1998). From a production perspective, cannibalism means lost production
from fish mortality, and reduced fish quality due to injury, disease, and stress
(Noble et al. 2011; Raubenheimer et al. 2012). Therefore, cannibalism is very
damaging to aquaculture, but there are ways to mitigate its occurrence in

culture. Fish farmers can limit cannibalism by reducing stocking densities; by
providing hiding places for small fish; and by reducing size differences by

moving fish between pools or sea cages (Stickney 1994; Baras & Jobling 2002;

Baras et al. 2003; Raubenheimer et al. 2012). Cannibalism may also be reduced
through selective breeding programs in species where tendencies toward

cannibalism are heritable, such as in the Artic charr (S. alpinus), and Poeciliopsis
species (but see trans-generational side effects of CG, Section 2.4.2.1; Thibault
1974; Amundsen et al. 1999; Raubenheimer et al. 2012). However, these

mitigation methods often involve high expenses and work requirements, so their
use must be justified. Moreover, since cannibalism is difficult to quantify in

culture where fish stocks are often held in groups of more than one thousand
fish, we need to know in advance whether we need to employ mitigation
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methods. Therefore, exploration of the relationship between CG and cannibalism
will ensure that we do not enact expensive mitigation methods inappropriately.

2.3.2 Long-term effects on aggression levels

Fish become more aggressive during CG, but persistence of this side effect

has yet to be verified. For example, Nicieza and Metcalfe (1997) showed that
Atlantic salmon, S. salar, undergoing CG displayed almost twice as much
aggression than control fish. This effect only appeared after nutritional

inductions, and for unknown reasons, not when CG was thermally induced (see
Figure 2.6, and also Section 2.4.2.2 for more discussion on the variation in side
effects resulting from different induction methods; Nicieza & Metcalfe 1997).

Elevated aggression levels probably occurred because aggression is positively

associated with access to food (Damsgård et al. 1997; Damsgård & Huntingford

2012). Thus, being more aggressive may be a adaptive during CG, when fish need
to consume excessive amounts food to fuel their rapid growth (Ali et al. 2003;

Damsgård & Huntingford 2012). Indeed, rapid growth and excessive eating often
seem to be linked to high levels of aggression in salmonids (see Figure 2.2;
Symons 1968; Jönsson et al. 1998; Vollestad & Quinn 2003). Nicieza and

Metcalfe’s (1997; 1999) experiments, however, only observed the short-term
effects, their behavioural study ended 7 weeks after inducing CG, while

aggression was still elevated in the compensating fish. Hence, we do not know

the persistence of this side effect; did aggression remain high after CG ended, and
if so, for how long? Fishes’ levels of aggression, according to recent findings, are
remarkably stable (see reviews by Réale et al. 2007; Sih & Bell 2008; Conrad et
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al. 2011; and a meta-analysis by Bell et al. 2009). In other words, individuals’

aggressive propensity tends to stay the same for a long time. So, a fish that acts

aggressively today will also tend to be aggressive tomorrow, next week, and next
month. It is therefore plausible that the high aggression observed during CG,

remains elevated until the CG response dissipates, or potentially aggression may
remain high for a time afterwards, i.e. this side effect may have long-term
persistence (see Figure 2.1).

Figure 2.2 The total number of aggressive interactions between normally-growing
rainbow trout, O. mykiss, and those that were treated with growth hormone (mean ±SE;
re-drawn from Jönsson et al. 1998).
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Any prolonged elevation in aggression levels would impact the economics

and welfare of fish farms in three main ways. First, aggression adversely affects
fish farms through the injuries caused by fighting. Sever injuries impact

aquaculture because fatalities mean lost production and poor welfare, whereas
non-fatal injuries affect production by reducing market values of fish, lowering

feed conversion, growth efficiency, and providing routes for infection (Abbott &

Dill 1989; Noble et al. 2011; Damsgård & Huntingford 2012). Second, aggression

can be harmful for production and welfare because it leads to acute, and in some
cases, chronic stress (Salonius & Iwama 1993). When fish are stressed they eat
less regularly, which could impede CG, decrease final yield size, or force

harvesting to be delayed (Pickering 1993). Moreover, stress compromises
animals’ immune systems, making fish more susceptible to infections and

disease (also see effects on infection resistance, Section 2.3.4; Pickering &

Pottinger 1989). In this way, stress aggravates the effects of aggression-caused

injuries, promoting infection and magnifying welfare concerns. Third, aggression
can also cement dominance hierarchies (Cutts et al. 1998). These hierarchies
may reduce unnecessary aggression, but they also create variations in feed

acquisition; dominant individuals eat a disproportionate amount, while sub-

dominant fish are prevented from feeding (McCarthy et al. 1992). Consequently,
aggression increases variations in body size (see reviews by Cutts et al. 1998;
Branson & Turnbull 2008; Noble et al. 2011), which raises the prevalence of

cannibalism (see Section 2.3.1 on cannibalism; Baras & Jobling 2002). Since high
aggression can produce such detrimental effects, prolonged elevation of

aggression should be avoided in fish stocks. Depending on how long aggression
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levels remains high after CG, using CG to boost profits will be less and less

beneficial because we may have to continually employ additional practices to

mitigate the adverse effects of aggression (e.g. by increasing water flow through
holding tanks, which increases the cost of fighting; reviewed by Noble et al.

2011; Damsgård & Huntingford 2012). In order to truly evaluate the benefits of

using CG in aquaculture, we need to understand the persistence of side effects on
aggressive behaviour.

2.3.3 Effects on deformation rates

A number of factors are known to cause deformations in fish, including

rapid growth (Arendt & Wilson 2000; Robinson & Wardrop 2002). For example,

a study in pumpkinseed sunfish (Lepomis gibbosus) showed a positive

relationship between growth rate and malformation of scales, as demonstrated
by the weakening of the scales (Figure 2.3; Arendt et al. 2001). Rapid growth is

also associated with white muscle damage and poor swimming performances in
Artic charr, S. alpinus (also see effects on physical fitness, Section 2.3.5;

Christiansen et al. 1992). Further, high rates of coronary deformations are

connected to rapid growth in Atlantic salmon, S. salar (Saunders et al. 1992).

Since rapid growth increases the occurrence of deformations, we should expect
the unusually fast growth of CG to have a similar effect. However, in the only
study to investigate this side effect (Myszkowski et al. 2010), the fish never

actually experienced CG (i.e. they did not grow any faster than the control fish).

Therefore, rather surprisingly, we still have no experimental evidence linking CG
with elevated risk of deformation.
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Figure 2.3 The relationship between growth rate and malformation of scales in
pumpkinseed fish, L. gibbosus (adapted from Arendt et al. 2001). Malformation of scales
was determined by their strength, which was measured as the amount of weight (g)
need to pierce a scale with a needle.

Given the potential link between CG and increased risk of deformation,

inducing CG could harm production and welfare standards (see also reviews by
Branson & Turnbull 2008; Noble et al. 2011). Nearly all deformities are

detrimental from a production perspective (Divanach et al. 1996); malformed
fish have impaired feeding abilities and high rates of infection, disease, and

mortality (Cahu et al. 2003; Noble et al. 2011). Additionally, deformed fish bring
low market values and are more difficult for machinery to process, thus,
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deformations result in financial losses to the fish farmers (Divanach et al. 1996;

Sadler et al. 2001; Branson & Turnbull 2008). Deformities also compromise fish
welfare, with different types of malformations being associated with different

welfare concerns over different timeframes (Ashley 2007). On one hand, while

deformations are a permanent side effect of CG, some types of deformations will

only impact welfare periodically (i.e. permanent persistence with only occasional
implications for aquaculture; see Section 2.2 regarding the difference between

the persistence of side effects and the persistence of the side effect’s implications
to fish culture). For instance, Atlantic salmon (S. salar) with heart deformities

quickly die when stressed (Brocklebank & Raverty 2002). In this a case, welfare

will only be compromised under stressful circumstances such as during handling
or transport (Huntingford et al. 2006). On the other hand, some deformations
pose more regular implications for welfare (i.e. permanent persistence with

frequent implications for aquaculture). Take for example, the ‘screamer disease’
in Atlantic salmon (S. salar), whereby jaw development is deformed (Roberts et

al. 2001). This condition results in fish with jaws held permanently agape,

preventing proper feeding and resulting in ill health (Branson & Turnbull 2008).
Thus, ‘screamer disease’ will compromise welfare on a regular basis. It is

because of these adverse results of deformation, that we need to address CG’s

side effect on deformation. Once we quantify how compensation affects both the
rate and type of deformations, we can determine whether the potential risks of
these side effects are acceptable or not.
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2.3.4 Effects on infection resistances

CG may decrease fishes’ ability to resist infection by disrupting their

immunological competence (note that I use ‘infection’ here as referring to both

microorganism and parasite infections). However, quite astonishingly, there are
no empirical studies examining the potential impacts CG has on fish immune

systems. Moreover, the story from the relevant literature in other taxa is rather
confusing. Of a handful of studies that specifically addressed the relationship
between CG and immunocompetence, there are no general trends, not even
within taxa. In chickens, for example, some studies have claimed that CG

decreased immune functioning, whereas others claimed that CG increased

parasite resistance, while the rest found no effect either way (see FassbinderOrth & Karasov 2006 and Jang et al. 2009, and a review by Nir et al. 1996). In
insects, CG was suggested by one study to reduce immune function for a long

time (De Block & Stoks 2008). However, another study found immune response
was depressed temporarily (Saastamoinen et al. 2012), and yet another study

found no effect (Dmitriew et al. 2007).

Despite the perplexing findings from the literature, there are at least

three reasons why we would expect CG to reduce fishes’ abilities to fight off
infection. First, CG simply provides more routes of infection because

compensating fish are more aggressive, and so sustain more injuries (see effects
on aggression, Section 2.3.2; Noble et al. 2011; Damsgård & Huntingford 2012).
Second, the period of growth suppression preceding CG may itself adversely

affect infection resistance. Growth suppression reduces the physical condition of
fish and increases stress – two factors that are both known to depress the

37

Michael Hitchcock

Chapter 2: Compensatory Growth

immune system (Wedemeyer 1997; Cho 2005; Salas-Leiton et al. 2010).

However, this effect appears to be relatively unclear in some cases. For example,
growth suppression did not affect parasite prevalence in juvenile pink salmon
(Oncorhynchus gorbuscha), despite the fact that it reduced physical condition
(Jones et al. 2008). Third, CG may directly reduce fishes’ ability to resist
infection, through metabolic trade-offs between rapid growth and

immunological competence. Both growth and immune function require

substantial nutritional and energetic resources (Lochmiller & Deerenberg 2000).
Thus, when a fish directs energy toward growth, their immune system receives

less energy, and consequently the fish will be more prone to infection (Mangel &
Stamps 2001). Evidence for this trade-off has been establish in farmed turkeys
(Meleagris gallopavo), where strains selected for high growth are also very

susceptible to a variety of pathogens (Bayyari et al. 1997). Therefore, while the

general effect of CG on infection resistance is currently unclear, there are enough
reasons to believe that inducing CG will compromise fish’s ability to resist
infection.

Provided that this link exists between CG and an increased risk of

infection, inducing CG would negatively affect aquacultural production and
welfare. Infections compromise welfare in a number of ways, such as by

depressing respiration and osmoregulation, impairing sensory and swimming

performances, and leading to abnormal behaviour (see reviews by Huntingford

et al. 2006; Barber 2007). Furthermore, from a production perspective, diseased
fish have high mortality and poor flesh quality (Mente et al. 2006). For instance,

infection by sea louse (Lepeophtheirus salmonis) reduces physical condition and
survival of farmed Atlantic salmon, S. salar (Pike & Wadsworth 1999).
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Additionally, sea louse parasitism promotes secondary infections, further

reducing the health of fish and in turn raising more production and welfare
issues (Mente et al. 2006). All these impacts add up, with sea lice infection
costing the global salmonid farming industry over €305 million per year

(Costello 2009). Furthermore, as an interesting twist, parasitic infection may

also stop farmers from accessing the benefits of CG, as infection impedes fishes’
ability to grow fast. Infection by a common cestode (Schistocephalus solidus)
reduced three-spined sticklebacks’ (Gasterosteus aculeatus) ability to

compensate following a period of starvation, with infected fish failing to reach

faster-than-normal growth rates and consequently not catching up to control fish
in size (Wright et al. 2007). Therefore, if either CG or growth suppression have
the effect of increasing fishes’ susceptibility to infection, there will be negative

implications for fish production and welfare. Given this impact, we urgently need
further exploration into the relationships between CG, infection resistance, and
immune functioning – all of which are very poorly understood.

2.3.5 Effects on physical fitness

Exercise training is an important tool for fish farmers attempting to boost

production capacity and welfare standards (Palstra & Planas 2011). By

encouraging prolonged periods of exercise, farmers can benefit through greater

feed conversion, high flesh quality, and low aggression and stress levels (Davison
1997; Huntingford 2010; Palstra & Planas 2011). However, some of these

benefits may be prevented by using CG, because rapidly growing fish tend to be
poorer swimmers (see Figure 2.4; Christiansen et al. 1992; Farrell et al. 1997;
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Lee et al. 2003; Hallerman et al. 2007; Lee et al. 2010). Poor swimming abilities
may arise because rapid growth deforms both structural and metabolic

development (also see side effects of CG on deformation rates, Section 2.3.3;

Galloway et al. 1999; Billerbeck et al. 2001; Royle et al. 2006). Fish with poor

swimming abilities are likely to find exercise training to be inherently difficult
and stressful. In such a case, exercising fish may not result in the desired

outcomes (Davison 1997). In fact, poor swimmers may even be worse-off after

exercise; being more stressed and growing less efficiently than before exercise
training (Davison 1997). As it happens, there is some evidence to suggest that

compensated fish are not only poor swimmers, but also show little improvement
after exercise. In a CG experiment, Royle et al. (2006) subjected green swordtails
(Xiphophorus helleri) to a 3-week training program. After training, the

continually-fed control fish had notably improved stamina, as determined by an

increased ability to swimming into a strong current, but CG fishes’ stamina failed
to improve (Figure 2.5; Royle et al. 2006). Royle et al.’s findings therefore

suggest that encouraging CG fish to exercise is futile. However, we should note

that Royle et al. (2006) only investigated improvements in stamina. So we still do
not know how compensated fish responded to exercise in terms of the benefits

farmers are seeking (e.g. improved levels of feed conversion, flesh quality, stress,
and aggression). CG combined with exercise training could negatively affect

these traits too. Therefore, farmers hoping to boost production and welfare may
need restrict the use of exercise training in conjunction with CG. Alternatively,
we may have to choose between employing CG and exercise training. Further
research into how exercising CG fish affects important factors such as

improvements in growth, feed conversion, flesh quality, aggression, and stress,
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would help clarify how we should employ CG and exercise training in
aquaculture.

Figure 2.4 Comparison of
critical swimming speed
between

fast-growing

transgenic and wild-type
Coho

salmon,

Oncorhynchus

kisutch

(mean ±SE; drawn from

data in Lee et al. 2003).
Critical swimming speed

was determined by the
amount of time fish could

spend swimming into a
strong current.

Figure 2.5 The relative
improvement in growthcompensated
swordtails,

X.

green

helleri,

swimming stamina after a
stepped 3-week training

programme (mean SE; re-

drawn from Royle et al.
2006). Improvements in
stamina were determined

as the difference between
final and initial time fish
could spend swimming
into a strong current.
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2.4 Methodological issues and suggested improvements
2.4.1 Methodological issues in CG studies

The study of compensatory growth and its side effects have increased

rapidly over the past decade, but there have not been parallel advancements in
CG research methodology. There are at least three key methodological
improvements that need to be made. First, researchers have often

unsatisfactorily analysed CG, because they have failed to take into account the
size dependency of growth, i.e. smaller fish grow faster than larger fish, when

comparing growth-suppressed and control fish (Nicieza & Álvarez 2009). Thus,

growth-suppressed fish will naturally grow faster than similar aged control fish
because they are smaller (Jobling 2009). Consequently, many researchers who

have not made size-matched comparisons may have falsely detected CG (Jobling
2009; Nicieza & Álvarez 2009), which would also result in incorrect conclusions

regarding the side effects of CG. For a review of correct analyses and a discussion
regarding which statistical approaches should be used, readers should refer to
Nicieza & Álvarez (2009). Second, we still have a very limited scientific basis

from which to determine the length, intensity or which factor we should use to
suppress growth and induce CG (Ali et al. 2003). Although many studies have

investigated how different lengths, intensities, and factors of growth suppression
affect the degree of CG (Mortensen & Damsgård 1993; Hayward et al. 1997; Zhu
et al. 2003; Álvarez & Metcalfe 2005; Cho 2011), there is no standard length or
intensity that is ubiquitously used by researchers (Ali et al. 2003). Third, we

need to widen the number of fish taxa used in CG studies. A disproportionate
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number of CG studies have focused on a few salmonid species, while some

species of equal importance to aquaculture have received little attention in

comparison (e.g. cod, catfish, and flounders; Damsgård & Arnesen 1998; Ali et al.
2003; Hector & Nakagawa 2012). Additionally, we should make greater use of
model organism species, even if they have little aquacultural significance. For
example, few studies have investigated CG in the guppy (Poecilia reticulata),

mosquitofish (Gambusia affinis), or zebrafish (Danio rerio), which are arguably
some of the most common model organisms in fish studies (see exceptions by

Auer et al., 2010, and Auer, 2010, who both used guppies, and Livingston, 2011,
who used mosquitofish). With an extensive understanding of these species’

biological and life history characteristics, they will be useful model organisms in
uncovering the general pattern of CG’s effects. Moreover, these model species

have rapid generational turnover, so they would be ideal models to investigate
the trans-generational side effects of CG. By using appropriate statistical

analyses, standardising how CG is induced, and by widening the taxa used in CG
experiments, we would facilitate the comparison of studies investigating side

effects. Therefore, we would be in a better position to establish the ubiquity of
side effects.

2.4.2 Suggested improvements to future research

In this section, I suggest three improvements to methodologies, which

may provide valuable insights that help inform decisions about the use of CG in
aquaculture. I first encourage CG researchers to investigate the potential for
trans-generational side effects (Section 2.4.2.1). Next, I suggest methods to
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determine the best way of inducting CG, by comparing between the various side
effects arising from different methods of induction (Section 2.4.2.2). I then

recommend the extension of CG studies so that we can observe all the side
effects that arise before fish are harvested and to gain better knowledge
regarding the persistence of effects (Section 2.4.2.3).
2.4.2.1

Trans-generational side effects

As seen in the previous sections, CG has numerous side effects on fishes’

phenotypes, including their morphology, physiology, and behaviour (Metcalfe &

Monaghan 2001). In addition to these more ‘direct’ effects, CG may also produce

side effects that affect the next several generations. Side effects may be passed on
to subsequent generations via epigenetic mechanisms (e.g. maternal effects),

whereby parental experiences and environments affect the phenotypes of their
offspring – independent of genetic changes (see reviews by Weinhold 2006;

Youngson & Whitelaw 2008). Such epigenetic mechanisms may allow the side

effects of CG to be ‘inherited’ between generations (Youngson & Whitelaw 2008).
For example, the CG experienced by one generation of butterflies (Melitaea

cinxia) produced side effects for the next two generations, namely by increasing
the CG response to feed restriction and reducing the immune response to

parasites (Saastamoinen et al. 2012). Despite the widely documented trans-

generational epigenetic inheritance in many taxa (including fish; Mudbhary &

Sadler 2011), researchers have yet to explore the trans-generational side effects
of CG in fish. Therefore, we have little idea about which of the side effects of CG
are trans-generational and which are not.
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Exploration of CG’s trans-generational side effects in fish is of importance

to fish farmers if their brood stock are sourced from fish that have undergone CG.
Breeding successive generations of compensated fish may cause trans-

generational epigenetic side effects to accumulate (Weinhold 2006; Hafer et al.

2011). Accumulating side effects may prove to be either favourable or harmful to
aquaculture. On one hand, beneficial side effects may accumulate from one

generation to the next. For example, inducing CG in subsequent generations of
butterflies appears to result in offspring with increasingly better ability to

compensate after growth suppression; offspring born to compensated parents
were able to grow faster and larger than the offspring whose parents did not

experience CG (Saastamoinen et al. 2012). If a similar effect also accumulates in
fish, breeding compensated fish would result in progressively better

compensatory responses. In such case, fish farms would benefit from using CG
fish in breeding programmes. On the other hand, we may see accumulation of

harmful side effects when breeding CG fish. We might see a progressive decline
in immune response or an gradual increase in aggressive phenotypes over

multiple generations (for a review of accumulating trans-generational effects,

see Miller 2010). In such case, breeding CG fish would prove highly detrimental

to fish farms’ production and welfare standards (see effects on aggression and
immune response, Section 2.3.2 and 2.3.4, respectively). Currently, we do not

know what side effects would accumulate when breeding CG fish. We therefore
urgently need to identify what side effects are passed on to the next generation
and how they do, or do not, accumulate between generations.
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Variation of induction method and varying side effects

In order to induce CG in fish, we must first suppress their growth (Ali et

al. 2003; Noble et al. 2011; Raubenheimer et al. 2012). Interestingly, how growth
is suppressed influences the side effects of CG (see Box 2.1 for a list of ways CG

can be induced; Nicieza & Metcalfe 1997; Álvarez & Nicieza 2002; Ali et al. 2003).

For example, CG increased aggressive behaviour when growth was suppressed

through nutritional manipulations, but not through thermal suppression (Figure

2.6; also see effects on aggression, Section 2.3.2; Nicieza & Metcalfe 1997). In
another example, thermal suppression increased the age and size at which

Iberian painted frogs (Discoglossus galganoi) metamorphosed, but nutritional

suppression had no effect (Álvarez & Nicieza 2002). The influence of suppression
method on side effects has two explanations. First, the side effects may be the

result of growth suppression itself, rather than CG (but see results of Chapter 3,
which suggests that this is not the case with effects on aggression levels).

Secondly, the side effects may differ because of the varied nature of possible

growth-suppression methods. Despite all suppressing growth and inducing CG,
temperature, nutrition, space, and oxygen availability affects fish in very

different manners (Ali et al. 2003). Nutritionally-induced growth suppression for
example reduces growth at the expense of calories, whereas temperature-

induced growth suppression reduces nutritional needs and so, suppresses

growth without any caloric cost (Nicieza & Metcalfe 1997; Ali et al. 2003). The
two explanations for the differing side effects between different induction

methods are not mutually exclusive, and it is likely that a combination of both is
the cause of the variation in side effects. Either way, the method that farmers
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choose to suppress growth and induce CG appears to determine how their fish

stock is affected, which may then alter the implications of CG for production and
welfare. This opens up the possibility of a suppression method that produces
fewer, or less detrimental, side effects. Thus, we have the potential to choose

between method(s) of inducing CG that are better for aquaculture, producing
fewer, or even less detrimental, side effects.

Figure 2.6 The effect of temperature- and starvation-induced compensatory growth in

Atlantic salmon, S. salar (mean ±SE; adapted from Nicieza & Metcalfe 1997). Aggression
was only increased during compensatory growth when compensation was induced via
feed manipulations, not when compensation was induced through cold temperatures.
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To reach the stage where we can reliably determine which

suppression/induction method(s) is more appropriate to use in aquaculture, we
must first detail the unique side effects that each method produces. However,

each suppression method’s unique side effects can only be identified once we can
tease apart the by-products of CG from those of growth suppression itself. Many
studies have attempted to tease apart these side effects, but few have done so
successfully (but see Chapter 3 of this thesis). Studies that have been

unsuccessful in terms of teasing apart the side effects have generally shared
some common features in their experimental design. Such common designs

involve three treatments: (1) where fish always experience good conditions for

growth, i.e. the high-high or control group’; (2) where fish growth is suppressed

by poor conditions, with subsequent improvements to allow CG, i.e. the low-high
or CG group; and (3) where fish growth is consistently suppressed, i.e. the low-

low or suppression-only group (e.g. Taborsky 2006; Laurel et al. 2010; Kotrschal
& Taborsky 2010). On first appearance, this experimental design should be able
to discriminate between the side effects of compensation and growth

suppression, by simply comparing the side effects arising in the ‘CG group’ with
those appearing in the ‘suppression-only group’. However, such comparisons

would actually be contrasting the effects of long-term suppression (‘suppressiononly group’) with the combined side effects of short-term suppression and CG
(‘CG group’). Hence, such an experimental design will misinform researchers

attempting to tease apart the effects of growth suppression and CG. A far better,

albeit a more involved design, would be to directly manipulate the fishes’ level of
CG. For instance, we could use graded recovery programmes, whereby

conditions are gradually restored to control levels after growth suppression.
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With such a programme, we could manipulate the expression of CG. For example,
by re-feeding fish very slowly, we could stop CG entirely; by re-feeding fish a

little faster we allow weak CG; or by returning fish to full rations immediately,
allow unencumbered CG (Ali et al. 2003). Thus, by using a graded recovery

experiment, we could compare fish that had compensated at different rates, and

importantly, appropriately compare those that compensated with those that only
experienced growth suppression. To my knowledge, no studies have used this

experimental design. Nonetheless, if we adhere to such a design, we should be

able tease apart the side effects of growth suppression and CG, or even identify
the effects produced by interactions between suppression and CG.

Another, more opportunistic, method of teasing apart the effects of CG

and growth suppression, would be to use studies that failed to induce CG (see
Chapter 3 of this thesis; Russell & Wootton 1992; Pedersen 1993; Pirhonen &

Forsman 1998; Hayward et al. 2000; Gaylord et al. 2001; Wang et al. 2009). Any
side effects seen in such studies should result from the growth suppression
rather than CG (issue discussed in Chapter 3). So, by using either a graded

recovery or by making use of studies that failed to induce CG, we could begin to
discriminate between methods of inducing CG, and potentially identify which
method(s) is best to use in aquaculture.
2.4.2.3

Finding the relevant deferred and recurring side effects

The recurring and deferred side effects of CG may not be observable until

well after compensation, e.g. weeks, months, or even years after CG (see Figure

2.1; Metcalfe & Monaghan 2001). Some of these recurring or deferred side effects
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would not be relevant to aquaculture because the fish may be slaughtered for

harvesting before the effects arise or reoccur (but see trans-generational side

effect, Section 2.4.2.1). In that same vein, every side effect that arises before fish

reach harvesting could be important for aquaculture. Despite its importance, no
published studies have investigated the side effects that arise in fish over their

entire life in culture – from when CG is initially induced, right up until harvesting.
Take for example the intensively cultured Atlantic salmon, S. salar. Atlantic

salmon are harvested at 3 years of age (Jones 2004), but most CG studies on

these fish stopped when the salmon were only a few months old (e.g. Mortensen
& Damsgård 1993; Nicieza & Metcalfe 1999; Johansen et al. 2001; Fraser et al.
2007; Stefansson et al. 2009), with the longest studies lasting less than a year
(e.g. Nicieza & Metcalfe 1997; Morgan & Metcalfe 2001). Terminating CG

investigations before fish reach harvesting age is not an isolated incident, most
CG experiments followed fish for only a few months (Figure 2.7). So, there is a
surprisingly large gap in the current literature. This gap could be concealing

some of the deferred side effects of CG that arise before fish reach harvesting age,
and by doing so, such side effects may impact aquaculture.
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Figure 2.7 The length of experiments investigating the side effects of CG. Note that this

figure only shows experiments that used the most common induction method, feed
restrictions. Importantly, the length of the experiment includes both the initial period of
growth-suppression and the re-alimentation period. Thus, the length of time fish were

followed after CG had ended is much shorter than the length of time shown in the figure.

Note that the number of experiments is not equivalent to the number of publications;

rather in most cases multiple experiments came from single papers (N[publications]= 56;

N[experiments]= 156). For details on the collection and extraction of data, including the list
of publications, see Appendix 1.

The gap in our knowledge may also mask the persistence of some side

effects (see Figure 2.1). For example, it is generally believed that CG has the

immediate and permanent effect of restoring lost body mass (reviewed in Ali et
al. 2003). Most researchers found this same effect before concluding their

experiments (e.g. Johansen et al. 2001; Álvarez & Nicieza 2005). However, if they
had observed how CG affected mass in the long run, they would have obtained a
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very different result. In a long-term study, Morgan and Metcalfe (2001) showed

that 8 months after CG, the compensated fish did not show the same increases in
lipid reserves as the control salmon – rather CG fish ended up with 20% less fat
reserves than control fish (Figure 2.8). An additional example, Krause et al.

(2009) found that previously-compensated birds are more vulnerable to losing
body mass during short periods of deprivation. This susceptibility to future

periods of deprivation could mean that CG fish will lose more mass than controls
during the short starvation period required before harvesting (Einen et al.

1998). Consequently, CG may cause fish to be lighter at harvesting, negating the
benefits of CG. Krause et al. (2009) and Morgan and Metcalfe’s (2001) studies
have revealed the long-term, but not permanent, persistence of CG’s effect on

lipid reserves and body mass, exposing some of the large gap in our knowledge.
Without knowing the long-term effects of CG on traits such as lipid reserve and

body mass, we may not know how CG impacts harvestable flesh. Such incomplete
knowledge may misguide fish farmers in their choice to use CG to boost profits.
The best way to ensure we make sound decisions regarding CG’s use in

aquaculture is by detailing the persistence of side effects over a long period.
Therefore, I encourage future experiments to cover the entire production

process, from the moment compensation is induced, right up until fish are
slaughtered and harvested.
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Figure 2.8 The long-term effect of compensatory growth on Atlantic salmon, S. salar, fat
reserves (mean ±SE; adapted from Morgan & Metcalfe 2001). Most studies have ended

soon after compensatory growth and have thus concluded CG returns fat reserves to
normal. Thus, most studies have failed to notice that CG results in less fat reserves in the
long run.

2.5 Conclusions

Whether or not the side effects discussed above (summarised in Table

2.1) will transpire, possibly depends on the species or life stage in question – i.e.
some side effects may not occur at certain life stages or in certain species. For

instance, the potential increase in cannibalism during CG will only appear in the
life stages or species where fish are carnivorous (e.g. most salmonid species are
carnivorous throughout life, tilapia species are only carnivorous when young,
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and some cultivated carp species, such as grass carp, Ctenopharyngodon idella,
are herbivorous throughout life; Smith & Reay 1991; Jobling et al. 2012a;

Raubenheimer et al. 2012). Moreover, the persistence of effects may differ

between species. In species that naturally have high rates of cannibalism, the
effects of CG may persist longer than in species that normally have negligible

rates of cannibalism. Thus, we may see more persistent effects in the pike, Perca

fluviatilis, where cannibalism contributes 95% of their diet in the wild, compared
to rainbow trout, O. mykiss, where cannibalism contributes only 9.5% (Metzelaar
1929; Chikova 1970; Smith & Reay 1991). Similar arguments could be put

forward for the persistence of side effects differing between species that vary in

their natural rates of deformation, aggression, infection resistances, and physical
fitness. Therefore, future studies should not only investigate these unexplored
side effects but also consider how they change across species and life stages.

Consequently, comparative approaches are likely to be of great value in future.
Likewise, future research should emphasise a more multi-faceted approach by
exploring the interactions and relationships between the aforementioned side
effects, as well as those reported elsewhere. Such research programmes will
provide a more balanced and holistic view of the costs and benefits of CG.

Furthermore, the extent that the side effects of CG impact aquaculture

also depends upon what corrective measures farmers employ to mitigate the

unfavourable effects. Increased aggression and cannibalism, for example, can be
moderated by some simple, albeit often costly and labour intensive, procedures
such as size-grading or creating strong currents (Stickney 1994; Noble et al.

2007; Attia et al. 2012; Damsgård & Huntingford 2012). However, other side

effects such as increased deformation resulting from the rapid growth, may be
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very difficult, if not impossible to alleviate without stopping the use of CG

(Myszkowski et al. 2010; Noble et al. 2011). So, of the unexplored side effects

discussed here, some may constitute more prominent impacts on fish production
and welfare than others.

The phenomenon of CG represents a unique opportunity to boost the

profit margins of fish farms. However, before we induce CG, we first need to
understand how compensation may produce unforseen and potentially

detrimental side effects in the fish. The side effects of CG discussed in this article
are not by any means an exhaustive list. There remain many more side effects

that may arise in unforseen ways. Also, with the possibility of trans-generational
persistence, there will be many more new areas that require exploration.

Moreover, we still have not fully explored many of the ‘known’ side effects,

especially with regard to their persistence. Through continued effort towards

quantifying the many side effects of CG and their various levels of persistence,
we will gain a greater scientific basis from which to make informed decisions
that benefit not only aquacultural production but also fish welfare.

Acknowledgements: There a number of people that contributed to the production of
this manuscript, either through valuable scientific discussion, writing advice on
connecting seemingly disparate topics, proof-reabing early drafts, ideas for the title of
the manuscript, and simply through moral support and cups of tea. Thank you to:
Shinichi Nakagawa, Laura Bussolini, David Lindsay, Eduardo Santos, Malgorzata Lagisz,
and all those from that attended the GRAVIDA writing retreat 2012.

55

Michael Hitchcock

Chapter 2: Compensatory Growth

Table 2.1 Summary of the potential side effects discussed in text, including the probable direction of effect (+: increase; –: decrease), onset,
and persistence, in addition to the implications for aquaculture production and fish welfare. See Section 2.2 and Figure 2.1 for discussion of
the terminology regarding the onset and persistence of side effects.
Probable
Side effect
direction
Nature of effect
Implications for production
Implications for welfare
of effect
Immediate onset. ShortLost production due to mortality.
Increased risk of disease in
term,
but
potential
for
Reduced
market
value
through
cannibalistic fish. Increased stress,
Cannibalism
+
long-term persistence.
increased stress and disease.
injury, and mortality in small fish.
+

Immediate onset. We
know short-term, but
potentially long-term or
permanent persistence.

Deformation

+

Immediate onset. More or
less permanent
persistence.

Infection
resistance

–

Physical
fitness

–

Aggression

Immediate onset. Shortterm persistence.

Immediate onset. Shortor long-term persistence
depending if proximate
cause is structural or
metabolic malformation.

Lost production and reduced market
value due to injuries. Lowered feed
conversion and growth efficiency in
injured and stressed fish. Increased
chance of cannibalism due to greater
size disparities.

Aggression causes uneven distribution
of food, and injuries result in poor
health and increased disease.

Decreased flesh quality due to disease.
Increased veterinary costs. Potential
to inhibit fish from catching up to
fully-fed fish in size.

Increase in disease, poor health,
depressed respiration, osmoregulation,
impaired sensory and swimming
performances, in addition to abnormal
behaviour.

More time and effort to process
deformed fish. Reduced infection
resistance and overall health.
Increased mortality.

Implications depend on type of
deformation, but most reduce wellbeing and increase mortality.

Potentially inhibits the benefits of
exercise training, e.g. high flesh
quality, feed conversion, and low
stress and aggression.

Fish may be increasingly distressed if
forced to exercise. Poor physical fitness
may result in abnormal swimming
behaviour.
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Early feed restriction affects the later behavioural
plasticity of the western mosquitofish (Gambusia
affinis), but not the average level of behaviours
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Abstract
On fish farms, fish are typically fed to satiation; however, farmers will often
impose periods of feed restriction, whereby food availability is drastically

reduced for weeks to months, before fish are again re-fed to satiation. While feed

restrictions confer many benefits, they can also influence fish behaviour in
undesirable ways. Researchers have documented numerous undesirable

behaviours that arise during restrictions, such as overly high levels of aggression,
risk-taking, neophobia, and inactivity. However, there are very few unequivocal
demonstrations that feed restrictions after fish behaviour after restrictions are
terminated. This absence of reliable data is due to the common failure to

discount the confounding effects of compensatory growth on later behaviour. In
this experiment, I was able to impose feed restrictions that did not induce

compensatory growth, which provided a unique opportunity to investigate the

effects of feed restrictions on later behaviour without the confounding effects of
compensatory growth. This study compares the behaviour of feed-restricted

mosquitofish (Gambusia affinis) with satiation-fed mosquitofish 70 days post-

restriction. Fish were compared over two aspects of four behaviours; the average
level and plasticity of activity, aggression, risk-taking, and neophobic behaviour.

Fish in both feeding regimes expressed similar average levels of behaviour. Thus,
feed restrictions do not appear to have lasting effects on the average levels of
behaviour, and so, the adverse levels that are commonly reported to occur

during feed restrictions do not appear to persist. Feed restrictions also increased
the behavioural plasticity of aggressive behaviour, but did not affect the other
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behaviours’ plasticity. Taken together, these results suggest that feed restriction
does not have overly detrimental side effects on later behaviour.
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3.1 Introduction

In aquaculture, fish are typically fed to satiation each day (Stickney 1994;

Lucas & Southgate 2003; Robb 2008; Jobling 2012; Attia et al. 2012). However, it
is common practice to employ temporary periods of feed restriction on most

types of fish farms, including those that cultivate fish for human consumption,

and those that raise fish for wild-stock enhancement (e.g. releasing farmed fish

for fishing or conservation-based reasons; Lucas & Southgate 2003; Huntingford
et al. 2006; Ashley 2007; Robb 2008; Jobling et al. 2012b). During feed

restrictions, fish are given maintenance rations for a time (weeks to months),

before being re-fed to satiation (Lucas & Southgate 2003; Robb 2008; Jobling et
al. 2012b). Feed restrictions are practiced because they have many beneficial

outcomes for the production, welfare, and environmental impact of fish farms.

For example, practicing feed restrictions decreases the waste in the water, which
reduces the spread of disease from faecal cross contamination, lowers the
accumulation of toxic chemicals (e.g. ammonia), and also decreases

contamination of the surrounding waterways (Erikson et al. 1997; Lucas &
Southgate 2003; Mente et al. 2006; MacIntyre et al. 2008; Wall 2008).

Furthermore, feed restrictions have economic incentives because they alleviate
the need to purchase copious amounts of food, which is the single largest

expense of fish farms (Mente et al. 2006; Asche & Khatun 2006; Abdel-Hakim et
al. 2009; FAO 2012).

In addition to these intended effects on the operation of fish farms,

imposing feed restrictions can also produce unintended effects through its
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influence on the biology and behaviour of the fish (Donaldson 2009; Jobling
2012; Jobling et al. 2012b). Feed restrictions influence fish biology and

behaviour in two main ways; through the effect of the period of under-nutrition
itself and through the effect of the environmental instability caused by

dramatically altering food availability (Metcalfe & Monaghan 2001; Donaldson
2009; Chapman et al. 2010; Tanner et al. 2011; Jobling 2012; Jobling et al.

2012b). Some of the unintended effects of these manipulations are desirable. For
example, feed restrictions lower the metabolism and oxygen demands of fish,
which increases their survival rate during routine husbandry procedures

(Méndez & Wieser 1993; Lucas & Southgate 2003; Huntingford et al. 2006;

Ashley 2007). However, feed restrictions can also produce undesirable side

effects that are detrimental for cultivating fish both on-farm and for release into
the wild, particularly with regard to effects on their behaviour (Metcalfe &
Monaghan 2001; Jobling et al. 2012b).

Feed restrictions have the immediate, and undesirable, side effect of

increasing competition for food (Magnuson 1961; Noble et al. 2007). This

increased competition can lead to harmfully high levels of aggression and risktaking behaviour (Symons 1968; Gotceitas & Godin 1991; Ryer & Olla 1996;

Cutts et al. 1998). High levels of these two behaviours elevate the incidence of
fighting, injuries, death, and overall stress levels of fish stocks, which in turn

impedes the production of high quality flesh and the survival of fish released into
the wild (see also Box 3.1 and Chapter 2; Noble et al. 2011; Damsgård &

Huntingford 2012; Huntingford & Coyle 2012). Additionally, feed restrictions
also increase inactivity and neophobic behaviour (Méndez & Wieser 1993;

Ashley 2007; Donaldson 2009). This side effect results in fish that are not only
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physically unfit, but that also experience more stress, which lower the quality of

saleable flesh and compromise welfare (see also Box 3.1; Barton & Iwama 1991;
Huntingford et al. 2006; Krause et al. 2009; Huntingford 2010; Palstra & Planas
2011; Huntingford et al. 2012a). Therefore, a farmer’s decision to practice feed

restriction can be considered a trade-off between its various benefits and costs.
In order to help farmers make informed decisions regarding the use of feed-

restriction practices, researchers need to quantify the various immediate and
long-lasting side effects of these practices.

There is a relatively large body of scientific literature documenting the

immediate side effects of feed restriction on animal behaviour (i.e. those effects
that arise during feed restrictions; see reviews of feed restriction and undernutrition in Metcalfe & Monaghan 2001; Mench 2002; Jobling et al. 2012b).

However, there are very few unequivocal demonstrations of feed restrictions

affecting later behaviour (i.e. behavioural effects that either persist and/or arise

after restrictions end and fish are re-fed; but see exceptions by McGhee & Travis,
2011, and Kahn et al., 2012, who both accounted for the effects of compensatory
growth when investigating how feed restriction altered female mate choice in

fish; Metcalfe & Monaghan 2001). A key reason for the absence of reliable data is
that researchers often fail to account for the confounding effects of

compensatory growth (Metcalfe & Monaghan 2001; Hales & Ozanne 2003;

Yearsley et al. 2004). When fish are re-fed at the termination of feed restrictions,
they often exhibit catch-up and/or compensatory growth (catch-up growth

refers to converging growth trajectories between restricted and non-restricted

animals, whereas compensatory growth refers to the unusually fast growth spurt
exhibited by animals recovering from feed restrictions; see Box 1.1 in Chapter 1;
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Ali et al. 2003; Jobling 2009; Hector & Nakagawa 2012). While catch-up growth

does not produce its own side effects on behaviour, the unusually fast growth of
compensatory growth does (Jobling 2009; Álvarez 2011; Hector & Nakagawa
2012). Consequently, the effects of compensatory growth on fish behaviour
blends with the effects resulting from the period of feed restriction itself

(Metcalfe & Monaghan 2001). Such blending of effects make it impossible to
determine whether the later behaviour was affected by feed restriction,

compensatory growth, or a combination of the two factors. Most researchers
investigating how feed restrictions affect later behaviour have not shown

whether or not compensatory growth had occurred (Metcalfe & Monaghan 2001;

Jobling 2009; Nicieza & Álvarez 2009). Hence, they are unable to conclusively say
that the behaviour they observed resulted from the period of feed restriction

itself (i.e. either the low nutrition during restriction, or the variable environment
caused by imposing restrictions). Therefore, a large gap exists in our knowledge
about how feed restriction alone affects later behaviour.

This study is able to address this gap in knowledge. In this experiment, an

early period of feed restriction was imposed on groups of western mosquitofish
(Gambusia affinis), the presence of compensatory growth was quantified, and
behaviour was later assessed following re-feeding. Since the fish in this

experiment did not exhibit growth compensation (confirmation is provided in

results and discussion), the effects of feed restriction on later behaviour should
not be confounded with those of compensatory growth.

The primary objective of this study was to determine whether early feed

restriction itself affects later fish behaviour. To measure effects on behaviour, a
multi-faceted approach was used, which examined four behaviours: ACTIVITY,
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AGGRESSION, RISK-TAKING, and NEOPHOBIA (see Box 3.1 for definitions and

importance of all terms in capitals). Two aspects of these behaviours were

investigated: the AVERAGE LEVEL and PLASTICITY of each behavioural trait. These

two aspects were chosen because of their importance to fish performances both
when held on farms and when released into the wild (see Box 3.1; Réale et al.
2007; Smith & Blumstein 2007; Conrad et al. 2011; Huntingford et al. 2012b;
2012d). The effect of feed restrictions was addressed by comparing the

behaviour of feed-restricted fish (henceforth, FR group) with fish that were

always fed to satiation 1 (henceforth, CON group). It is expected that if early feed

restrictions have lasting effects on behaviour, the behaviour of fish in the FR and
CON groups will differ. Conversely, if early feed restrictions do not affect later

behaviour, FR and CON fish will express similar behavioural levels and plasticity.
If feed restrictions affect later behaviour, I predict that: (1) the lasting

effects on average levels of behaviour will be comparable to the immediate

effects on average levels (i.e. the high levels of inactivity, aggression, risk-taking,
and neophobic behaviour reported during restriction will persist; Gotceitas &

Godin 1991; Méndez & Wieser 1993; Cutts et al. 1998; Krause et al. 2009); and

(2) feed restriction will increase later behavioural plasticity (note that effects of
restriction on plasticity are completely neglected in the literature). Increased

1 This experimental design uses satiation-fed fish as controls with which to compare

feed-restricted mosquitofish. Since in nature most fish receive less than satiation, this
may not be a valid control for ecological and evolutionary studies, nor for all species
(Huntingford et al. 2006; Ashley 2007). However, the main focus of this article is finding
effects relevant to aquaculture, and in culture, fish are typically fed to satiation every
day (Stickney 1994; Lucas & Southgate 2003; Robb 2008; Jobling 2012; Jobling et al.
2012a; 2012b). Therefore, satiation-fed fish provide a valuable baseline with which to
compare the effects of feed restriction for the purposes of this paper. Care must be taken
if extrapolating the results of this experiment to other species and fields of science.
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behavioural plasticity is expected because imposing feed restrictions creates

high levels of environmental instability (nutritional conditions shift dramatically
from high to low levels; Donaldson 2009). Such unstable environments should
favour high behavioural plasticity, since plasticity is positively related to an

animal’s ability to quickly respond to and adapt their behaviour to changes in
their environment (De Witt et al. 1998; Dingemanse et al. 2004; Nussey et al.
2007; Coppens et al. 2010; Carter et al. 2012).
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Box 3.1 Glossary of behavioural measures used here.
All terms are capitalised when first used in text.
Aspects of behaviour:

AVERAGE LEVEL OF BEHAVIOUR:

The mean level of behaviour expressed by a
group of fish. Both aquacultural production and the success of
reintroductions are adversely affected when fish express any extreme or
inappropriate levels of behaviour (Lee & Berejikian 2008; Conrad et al. 2011;
Huntingford et al. 2012d; Damsgård & Huntingford 2012).
PLASTICITY OF BEHAVIOUR:

The proportion of total phenotypic variance
explained by within-individual variation, as calculated by the coefficient of
relative plasticity (see more in methods section; Réale & Dingemanse 2010;
Dingemanse et al. 2010). The amount of behavioural plasticity indicates
individuals’ abilities to directly respond and adapt behaviour to match
environmental and social stimuli – high plasticity implies a good ability to
fine-tune behaviour, whereas low plasticity implies a poor ability to fine-tune
behaviour (see reviews by De Witt et al. 1998; Nussey et al. 2007;
Dingemanse et al. 2010; Coppens et al. 2010). As such, high behavioural
plasticity should aid in both farmers’ management of fish behaviour, and the
survival of fish when released into the wild (Salvanes et al. 2007; Huntingford
et al. 2012b).
Behavioural traits:
ACTIVITY:

An individual’s general level of activity in a non-novel and nonthreatening environment (Réale et al. 2007). Fishes’ activity levels can
influence flesh quality, chemical composition (Conrad et al. 2011; Herbert et
al. 2011; Jobling et al. 2012a). Activity levels are a useful indicator for
welfare, and are good estimate of foraging activity (Sih et al. 2004;
Huntingford et al. 2012a).
AGGRESSION:

An individual’s antagonistic response towards conspecifics –
more antagonistic behaviour reflects a high levels of aggression (Réale et al.
2007). Levels of aggression are related to direct competition for food, as well
as rates of injury, infection, and mortality in both culture and the wild (Smith
& Blumstein 2007; Damsgård & Huntingford 2012). Thus, aggression can
affect the market value of flesh and the survival of wild-released fish (Noble
et al. 2011; Damsgård & Huntingford 2012).
RISK-TAKING:

An individual’s reaction to a non-novel, but threatening
situation (Réale et al. 2007). Little risk-taking behaviour is critical for the
survival of farm-raised fish when released into the wild (Shustov et al. 1980;
Bakshtansky et al. 1983; Aprahamian et al. 2003). Furthermore, risk-taking
behaviour is associated with access to high quality patches of food and
successful mate acquisition (Smith & Blumstein 2007; Biro & Stamps 2008;
Biro & Post 2008; Conrad et al. 2011; Huntingford & Coyle 2012).
NEOPHOBIA:

An individual’s investigation to novel, but non-threatening
objects and environments – higher investigation of novel situations equates
to lower levels of neophobia (Réale et al. 2007). Neophobia is connected to
survival, stress response, dispersal, foraging, and successful establishment of
fish released into new habitats (Aprahamian et al. 2003; Smith & Blumstein
2007; Lee & Berejikian 2008; Cote et al. 2010; Conrad et al. 2011).
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3.2 Materials and methods
3.2.1 Experimental design

The experiment was conducted using 158 newborn mosquitofish. Upon

birth, sib-groups were randomly allocated to sixteen 50 L tanks, with 12± 4 fish
per tank (mean± SD). All fish were reared on a ad libitum diet for the first 25
days of life to avoid conflation between the mortality rate resulting from

experimental manipulations and the naturally high mortality rate of newborn

mosquitofish (Pyke 2005). Once fish were 25 days old, experimental procedures
started and tanks were randomly assigned to either the control (hereafter, CON
group) or feed-restricted treatment group (hereafter, FR group; 8 tanks per
treatment group).

Fish in the CON group were fed on a similar schedule to that typically

used in aquaculture; they were provided twice daily with food until satiation

(Lucas & Southgate 2003; Attia et al. 2012; Jobling et al. 2012b). Satiation was

confirmed by providing fish with excessive amounts of food and ensuring that

uneaten food accumulated on the bottom of the tank, which was removed daily.
The FR group had their rations reduced to maintenance rations for 45 days

before being re-fed to satiation (Figure 3.1). During the feed restriction period,
food was still provided twice daily, but rations were reduced to 3% body mass
(which approximates maintenance rations in fish of similar size; Allen &
Wootton 1982). To ensure all tanks in the FR group received uniform

percentages of food, the absolute amount of feed was adjusted for each tank by
calculating 3% of the cumulative mass of the individuals in the tank on day 25.
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The amount of feed provide to a tank of fish was recalculated if there was a
mortality.

Ideally siblings would be separated into different tanks, but this was not

feasible in this study for three main reasons. First, age and size are closely
related in fish (Ricker 1979), so an assortment of ages would mean an

assortment of sizes, which may confound observations on growth. Second,

because mixing sib-groups would result in an assortment of ages within each
aquarium, thus it would be impossible to ensure that fish were in the same

developmental stage during manipulations. Third, results from other studies on

mosquitofish showed that mortality rates were higher in aquaria containing fish
of mixed ages (A. Senior and J. Lim, University of Otago, pers. comm.). Because

sib-groups were not separated into different aquaria, the portion of variance that

was explained by tank identity also includes variance resulting from social,

genetic, and maternal effects (see more on statistical analysis in Section 3.2.4).

Figure 3.1 Schematic of the experimental timeline. The experiment consisted of an

initial rearing period (25 days), a feed-restriction period (45 days; black box), and a re-

feeding period (180 days). Fish were weighed on days 25, 70, 140, and 250. Behavioural

assays were conduced when fish were 140 days old (see Section 3.2.3 for more details).

Fish were sexed during the behavioural assays on day 140.
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Fish mass was measured (±0.001g) at four time periods: the start of the

feed-restriction period; at the end of the feed-restriction period; before

behavioural assays; and at the termination of the experiment (days 25, 70, 140,
and 250,respectively; Figure 3.1). Mass was not measured more often to avoid

excessive stress and accidental injury to the fish. Before each measurement, fish
were starved for 24hrs to standardize stomach contents and were patted dry to
remove excess water.

Mosquitofish were sexed during the behavioural assay (day 140; Figure

3.1). Fish were sexed by a combination of techniques. When individuals could

not be accurately sexed with visual inspection (most fish were too small and

immature to visually sex), mass was used as a proxy; the heavier outliers in each
tanks were classified as females, while the rest were considered male. These

methods are relatively accurate at sexing mosquitofish (Pyke 2005), but when
mass proxies are used, it does lead to some male biased sex ratios because the

smallest females are incorrectly classified as males. Consequently, the sex ratios
are referred to as the ‘apparent sex ratio’. I did not use the more accurate

methods of genetic or histological sexing mainly because neither could be used
without euthanizing the fish (Lamatsch et al. in press). Thus, genetic and/or
histological sexing techniques could have only been used at the end of the
experiment, when tank mortalities would have altered the sex ratios.

3.2.2 Animal husbandry and ethics

The mosquitofish used in this experiment were the F3 generation bred

from a laboratory-held colony (original fish translocated from Waikato

69

Michael Hitchcock

Chapter 3: Feed restriction

University, Hamilton, with permission from the appropriate authorities; see

permits in Appendix 2). All the feed restriction and behaviour-testing procedures
were approved by the Animal Welfare Office, Otago University (permit number:
40/11; see Appendix 3).

Fish were held in groups, housed in identical 50 L aquaria. These aquaria

were kept in climate-controlled facilities at the Department of Zoology,

University of Otago, Dunedin (16 L: 8D; 21°C ± 0.5). Fish in all treatment groups
were fed with the same food (commercial fish flakes: 46% protein, 5% fat, 2%

carbohydrates; Nutrafin®, Petware distributors Ltd., Auckland). Adequate cover

was provided in the form of plastic plants. Water quality and aeration was

maintained by weekly 20% water changes and air-driven sponge filters (R.C.

Hagen Inc., West Yorkshire, UK).

3.2.3 Behavioural assays

Fish were individually tested for their response to four different

situations, with each situation designed to isolate a single behavioural trait (see
also Box 3.1): (i) activity, the general level of activity in a non-novel and non-

threatening environment; (ii) aggression, an individual’s antagonistic response

towards conspecifics; (iii) risk-taking, an individual’s reaction to threatening, but
non-novel situation; and (iv) neophobia, an individual’s propensity to explore a

novel, non-threatening environment (all traits are sensu terminology in Réale et

al. 2007; see below for more details on each test).

Fish were subjected to behavioural assays at the age of 140d (70 days

after feed restriction ended; Figure 3.1). The entire assay period lasted 6 days,
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with fish subjected to tests every second day. When behaviour was assessed,

individual fish were sequentially subjected to all four behavioural tests, with a 1hour rest between each test. Consequently, all individuals had been subjected to
each situation three times by the end of the assay period (i.e. 3 scores for each

behaviour). The order in which fish were tested in each situation was varied to
avoid problems associated with fish becoming familiar with the sequence of
events.

The procedures during the assay period were as follows. Fish were fed

2hrs before each test to standardize hunger levels and ensure their behaviour
did not reflect hunger. Testing began with individuals being moved to testing
aquaria and given a 5-minute period to acclimatise (see details on testing

aquaria below, and in Figure 3.2). After acclimation, I set cameras to record

behaviour and exited the room. Cameras (HD Hero™, GoPro®, USA) were located

on the outside of the tanks to avoid disturbing the fish. Filming continued for 10
minutes before I returned and ended the test. Data was collected from these
films twice, once by myself and once by a research assistant, L. Kamphues

(University of Otago), who was not informed on which individuals belonged to

which treatment group. Films were watched by two people to ensure that

behavioural measurements were consistent and that a single person missed no
behaviour.

The behavioural tests were conducted in a soundproof, climate-controlled

room. Water levels, temperatures, photoperiods, and dissolved oxygen were kept
at levels similar to fishes’ rearing tanks. Both testing aquaria and those that held
fish during the assay period were equipped with opaque dividers to ensure fish
were secluded from each other and outside disturbances. Fish were held
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individually in 2L tanks during the assay period to avoid having to mark

individuals. Marking was avoided because a previous study suggested a 20-40%
mortality rate from marking similar sized mosquitofish (A. Senior, University of
Otago, pers. comm.). Furthermore, this high death rate could lead to biases in
behaviour, since some behavioural types are less likely to survive stressful

procedures (e.g. neophobic and risk-adverse individuals; Huntingford & Adams

2005; Fucikova et al. 2009; Conrad et al. 2011). All sick, injured, incapacitated, or
otherwise abnormally-behaving fish (n[individuals]=2) were excluded from

behavioural tests in order to decrease the chances them influencing behavioural
differences between treatment groups.
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Figure 3.2 Schematics of aquaria used to test fish behaviour, drawn from the same

perspective as they were filmed (not to scale). (A) Activity aquarium (20 L) as viewed

from above. To help quantification of distance covered, while avoiding placing anything
novel into the tank, a plastic grid (1 cm2) was equipped to the underside of the tank
where fish could not interact with it. (B) Aggression aquarium (20 L) as viewed from
above. The mirror was located on the side of the tank to provide a ‘conspecific’ for the

fish can direct aggression. (C) Risk-taking aquarium (20 L) as viewed side-on. The tank
was split into an open area and a refuge (plastic plants for shelter) by 1cm2 netting. The
netting was wide enough to allow fish easy-passage between areas. (D) Neophobia

aquarium (100 L) as viewed side-on. The aquarium had a refuge (plastic plants) at one

end, which was separated from the rest of the tank by a see-through divider. The divider
was floating 5cm above the bottom of the tank to allow fish the opportunity to emerge

from the refuge at will. The area outside the refuge contained novel objects (sunken and

floating tubes attached with an assortment of colourful pipe cleaners). To ensure the

test remained as unfamiliar as possible, the distribution and colour of the objects were
randomly changed between every test. To assist measuring how far fish swam through
the novel area, distances were marked on the side of the aquarium every centimetre
(not shown on the schematic).
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Activity

Activity scores were estimated by quantifying the distance covered by fish

in a non-novel, non-threatening aquarium after a 5-min acclimation (a variant of
the open-field tests by Hall, 1934, which was more recently used by Luca &

Gerlai, 2012). A plastic grid was attached to the underside of the tank to assist
quantifying the distance fish covered (see Figure 3.2a). Thus, activity scores

were calculated as the number of grid squares a fish moved between over a oneminute period – the more grids a fish moved between, the higher its activity

levels. When an individual did not move during testing, it was given a score of
zero.

3.2.3.2

Aggression

Individual’s level of aggression towards conspecifics was measured by

observing their antagonistic response to a mirror after a 5-min acclimation (cf.
mirror image stimulation technique originally developed by Tinbergen, 1951,
with recent adaptions for fish studies described by Höjesjö et al. 2011;

Adriaenssens & Johnsson 2012; Figure 3.2b). The number of bites a fish directed
toward the mirror in 2-minutes was taken as their aggression score – the more
attacks directed at the mirror, the higher the aggression. Other antagonistic

responses, such as chasing reflections and lateral displays, were not counted due
to difficulties in recording them consistently. When fish did not bite the mirror
during the give time frame, they were given a score of zero.
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Risk-taking

After a 5-min acclimation, risk-taking behaviours were estimated by

timing the latency fish took to emerge from a refuge after being chased in with a
net – the faster a fish re-emerged from cover the greater its propensity to take
risks (Figure 3.2c). This test was similar to that described by Brown and

Braithwaite (2004), but with the addition of chasing fish with a net. Chasing the

fish with the net was used because it would elicit behaviour more specific to risktaking, while not involving any novel objects (Toms et al. 2010). If fish had not

emerged by the end of the 10-minute test, they were recorded as having a 600 s
latency to emerge.
3.2.3.4

Neophobia

Neophobic responses were quantified by measuring the furthest distance

fish moved through a novel environment. For this test, fish were given 10

minutes to emerge from the refuge, and once emerged, one minute to explore the
tank– the further a fish explored, the smaller its neophobic response (Figure

3.2d). This test was similar of those described elsewhere (Verbeek et al. 1994;
Wilson et al. 2010; Ward 2011), but with one modification; I measured the

furthest distance fish swam away from the refuge, rather than the number of

novel objects they closely examined (cf. Verbeek et al. 1994). I did not quantify

the number of objects individuals examined because determining how close a

fish came to an object can be particularly subjective when using 2-dimensional
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video recordings. When individuals did not emerge from the refuge during the
10-minute test, they were recorded to have moved 0mm through the tank.

3.2.4 Statistical analyses

All statistical analyses were conducted in the R statistical program (R

Development Core Team 2012). The specific functions and packages that were
used in R are stated below. Statistical models included only those terms and

interactions that had a priori reasons for their inclusion. Furthermore, all models
were run in full rather than in a stepwise fashion, i.e. non-significant terms and
interactions were not excluded from the final models. These two procedures
were used to avoid spurious statistical significance (Gelman & Hill 2007;

Forstmeier & Schielzeth 2011). The full outputs of all models are in Appendix 4.
Mortality rates were examined to investigate whether differences in

survival could have caused differences in behaviour due to a biased survival of
certain behavioural types (Huntingford & Adams 2005; Fucikova et al. 2009;

Conrad et al. 2011). Differences in mortality rates were evaluated using a Cox

proportional hazards regression analysis (CPHR, using the Surv function in the

survival package in R; Therneau & Lumley 2009) accounting for censored data.

CPHR analyses were conduced both for the entire experiment and for the feedrestriction period alone.

The apparent sex of the mosquitofish was included in the behavioural

analyses, but not in the mass or growth rate analyses. Sex was not included in

these analyses because the fish could not be accurately sexed until well into the
study, once many fish had already died (46.4% of CON fish and 52.1% FR fish
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had died before sex could be reliably determined on day 140, respectively). Thus,
it was too late to include sex in the earlier growth and mass analyses. However, I
did investigate whether there were different sex ratios between the treatment
groups, which could have led to biases in growth and mass. To do this, I

examined sex ratios using a generalised linear mixed model (GLMM). This

GLMM, with a binomial error structure, was fit by the Laplace approximation

using the glmer function in the lme4 package (Bates et al. 2012). The GLMM had
treatment group as a fixed effect and tank identity as a random effect.
3.2.4.1

Confirming the absence of compensatory growth

To determine the effect of feed restriction on the growth and mass of

mosquitofish, I established whether or not the FR fishes’ mass was suppressed

during feed restrictions, and then whether they exhibited compensatory growth
when re-fed (i.e. faster-than-normal growth rates during re-feeding; Jobling
2009).

To test for growth suppression, I estimated the average mass of fish in

each treatment group at four time points (i.e. days 25, 70, 140, and 250). These
estimates were gained by using separate restricted maximum likelihood linear

mixed-effects models fore each age (LMM, using the lmer function in the lme4 R
package; Bates et al. 2012). Sample sizes for each age were, day 25: n[individuals]=

82 and 71; day 70: n[individuals]= 56 and 56; day 140: n[individuals]= 38 and 37; and
day 250: n[individuals]= 13 and 18 (for CON and FR groups, respectively). Each
model had treatment group and fish density fitted at fixed effects, and tank

identity as a random effect. No interaction terms were included in the models
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because there were no a priori reasons for their inclusion. Individual fish identity
could not be included because fish were not marked (see reasons for not

marking fish in Section 3.2.3), thus individual mass or growth rates could not be
tracked. Sex was not included in these models because it could not be reliably
determined until near the end of the experiment, after many fish had already
died (see Section 3.2.1 and 3.2.4). If growth trajectories diverged during feed
restrictions, fish were said to have experienced growth suppression (Jobling
2009).

The absence of compensatory growth was confirmed by comparing

growth rates over three periods: (1) during feed restrictions; (2) from the start
of re-feeding until behavioural trials; and (3) after behavioural trials until the
end of the experiment (see Figure 3.1). The absence of compensatory growth
was assessed both before and after behavioural trials to ensure that, if the

mosquitofish exhibited compensation during the trials, it would be detected.
Compensation was determined by comparing specific growth rates (i.e. the

percentage of growth in mass per day, SGR; Houde & Schekter 1981). SGR was
calculated according to the formula described by Houde and Schekter (1981);
Equation I):

SGR = (eg – 1) x 100

Whereby, g is (Equation II):

g = [ln(W2)-ln(W1)] x (A2 - A1)-1

[Eqn I]
[Eqn II]

Where, W1 and W2 are the fishes’ mass at ages A1 and A2, respectively.

Importantly, SGR is size-dependent, whereby smaller fish grow faster than larger
fish (Ricker 1969). It is important to take the size-dependency of growth into
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account since the stunted FR fish would appear to growth at faster rate than CON
fish simply because they would be smaller after the restrictions (Nicieza &

Álvarez 2009). Thus, SGR should only be compared over periods when the fish
had similar initial sizes (Jobling 2009; Nicieza & Álvarez 2009).

To make SGR comparisons valid, I ensured that comparisons were only

made between CON and FR fish when they started growing from a common size
(Jobling 2009; Nicieza & Álvarez 2009). This size-adjustment were conducted

using a ‘size/time’ approach, whereby growth trajectories of FR fish during each
growth period are ‘slid back in time’ to a common starting size as CON fish (cf.

Mangel & Munch 2005; Nicieza & Álvarez 2009; Auer et al. 2010). Common

starting sizes were found by using linear regression to estimate the ages at which
CON tanks had similar mass to that of FR tanks at the start of each growth period
(for a visual description, see Figure 3.3). This method assumes linear growth,

and while this may not be the case, it is an appropriate method to estimate body
mass over relatively short periods when there are too few data points to fit a

more informative growth curve (e.g. Auer et al. 2010). The ‘size/time’ approach

led to the comparisons of SGR being made between fish of different age, but
similar size (see Figure 3.3).

The SGR comparisons were conducted using tank means (sample sizes for

CON and FR groups were, respectively: n[tanks]= 8 and 8, for the feed-restriction
period and first part of re-feeding period; and n[tanks]= 6 and 8, for the second

part of the re-feeding period) and analysed using linear regression models (LM;

using the lm function in the stats package; R Development Core Team, 2012). LM

models were fitted with treatment group and fish density. There were no a priori
reasons to include interaction terms. If the average SGR of the FR group during
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either re-feeding period exceed that of CON group, compensatory growth was
said to occur (Jobling 2009).

Figure 3.3 Schematic showing the size/time adjusted data that were used for growth

rate comparisons (trajectories are real data, group means ±SE). Control group is shown
in blue and the feed-restricted group in red. Solid lines represent the growth that was

compared during a period, while the dotted line displays the growth trajectories that

were not used for that particular comparison. The growth trajectories that are shown
are those that were used to compare SGR during (A) the feed-restriction period, (B) the
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first and (C) the second part of the re-feeding period. The age of control fish are shown
in black and the age of feed-restricted fish that were ‘slid back in time’ are in grey. Note

that data was not size-adjusted for the feed-restriction period because control and feedrestricted fish were already at the same size.

3.2.4.2

Behavioural response to feed restriction

The scores for each behaviour were transformed where necessary (see

below), with the normal distribution of each behaviour’s residuals being checked
with LMMs. These LMMs were fitted with treatment as a fixed effect, and with

tank and individual identities as random effects. Final transformations were as

follows: activity scores (untransformed), aggression scores (square-root), risktaking scores (natural log), and neophobia (square-root). All behavioural

analyses used these transformed scores, but to facilitate interpretation of results,
data was back-transformed from the model outputs to create figures. Note that
fish mass and growth rate were not controlled for in any of the behavioural
analyses. Mass and growth were excluded because they are intermediate

outcomes of the feeding treatments, and so are considered a causal influence of
the treatments (issue discussed in Gelman & Hill 2007).
Average level of behaviour

The CON and FR groups’ average scores for each behaviour were

compared to determine whether feed restriction affected mosquitofishes’

average levels of behaviour. These comparisons were conducted using four
LMMs (one for each behavioural trait). To avoid behavioural plasticity

influencing the average levels of behaviour, these LMMs used a only a single
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score for each individual, i.e. scores were averaged for each individual

(n[individuals]= 30 and 31 for all behaviours in CON and FR groups, respectively).

Fixed effects in these models included: treatment, sex, trial number, the

density of fish in each tank at the start of the experiment (i.e. density on day 25),
the density of fish in each tank at the time of behavioural assays (i.e. density on
day 140), and all two-way interactions between treatment and the other four

terms (there were no a priori reasons to include two-way interaction terms for

between all variables, nor any higher level interaction terms). Tank and
individual identity were fitted as random effects.
Behavioural plasticity

The plasticity of the mosquitofishes behaviour was calculated using the

coefficient of relative plasticity (CRP). CRP is calculated for the average

individual (i), as the ratio of the variance within-individuals (Vi) in the behaviour
to the overall behavioural variance (Vp) for the population (Equation III; Réale &
Dingemanse 2010):

CRPi = Vi/Vp

[Eqn III]

To gain the variance estimates that are used to calculate CRP, I used the

approach described by Dingemanse and Dochtermann (2012). This approach

was used because it allows for the explicit differentiation of between-individual
and within-individual variance.

Following the statistical procedure of Dingemanse and Dochtermann

(2012), I used two Bayesian multi-response linear mixed-effects models

(MLMM), one for each treatment group (note that these models can analyse all
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four behavioural traits separately). Thus, variances were calculated separately
for each of the FR and CON groups’ four behaviours. Each MLMM analysed the

behavioural scores of individual fish, and were conducted using the MCMCglmm
function in the R package, MCMCglmm (n[individuals]= 31 and 30, for CON and FR

groups, respectively; with n[scores]= 89- 93 for all behaviours; Hadfield 2010).

MLMMs controlled for the density of fish in each aquarium, but not for tank and
individual identities. Tank and individual identities were not included in these

models because the portion of variance that they explain is part of the betweenindividual variance in the current study design (Dingemanse & Dochtermann
2012).

For each model, I ran a MCMC chain with 520,000 iterations, a thinning

interval of 400, and a burn-in of 120,000. This procedure resulted in effective
sample sizes of 1000, which constituted the posterior distributions and their
95% credibility intervals (CI) for both the between-individual and within-

individual variances for all behavioural traits (Lunn et al. 2000). Using the

posterior distributions of each behavioural within-individual variance as Vi, and
the summed distribution of within- and between-individual variances as the

overall behavioural variance (i.e. Vp), I calculated CRP estimates for each group’s
behavioural traits (see Equation III).

Statistical differences between the treatment groups’ behavioural

plasticity were assess by obtaining contrasts between the posterior distributions
of each groups’ CRP (i.e. subtracting the FR group's posterior distributions from
the CON's, which gives a contrasted distribution's mean and 95% CI; Gelman &
Hill 2007). If the contrasted distribution’s 95% CI did not include zero, groups

significantly differed in behavioural plasticity (Nakagawa & Cuthill 2007). These
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contrasts were conducted both on the CRP of single behavioural traits and on the
pooled CRP of all behaviours, which calculates the overall plasticity of behaviour
(Réale & Dingemanse 2010).

3.3 Results

Mosquitofish in both treatment groups had comparable mass at the start

of the experiment (Figure 3.4; LMM on day 25: t= -0.269, df= 136, p= 0.788).

Growth trajectories had diverged between treatment groups by the end of the

feed-restriction period, with fish in the feed-restricted group (FR group) being a

third lighter than the average control fish (CON group; LMM on day 70: t= -2.477,
df= 95, p= 0.015). Growth trajectories continued to diverge between treatment

groups during the first part of re-feeding; with FR fish being almost half the mass
of CON fish by the time behaviour was assessed (LMM on day 140: t= -2.703, df=
59, p= 0.009). FR fish were still lighter than CON fish by the termination of the

experiment, though growth trajectories appeared to be converging (LMM on day
250: t= -1.175, df= 17, p= 0.256). However, this convergence may be attributable

to the low statistical power by the end of the experiment (only 13 CON and 18 FR
fish remained alive by day 250). The density of fish in each tank had no

significant effect on the average mass at any age (see LMM models in Appendix 4,
Tables A4.3-6). Tank identity accounted for relatively large variance components
(additional variance accounted for on day 25: 52.08%; on day 70: 39.87%; on
day 140: 20.24%; and on day 250: 24.98%).

84

Michael Hitchcock

Chapter 3: Feed restriction

Figure 3.4 Growth trajectories for the average mass of mosquitofish (treatment group

means ± SE). Control group is in blue and feed-restricted group in red; the black line on

the x-axis represents the feed-restriction period (ages 25d to 70d). Asterisks denote p-

values less than 0.05. Sample sizes for control and feed-restricted groups were at age

25d: n[individuals]= 82 and 71; at age 70d: n[individuals]= 56 and 56; at age 140d: n[individuals]= 38
and 37; and at age 250d: n[individuals]= 13 and 18, respectively.
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When comparing the SGR, mosquitofish in the FR group grew at about

half the rate of the CON fish during feed restrictions (Figure 3.5; LM on growth

rates between days 25 and 70: t= -2.850, df= 13, p= 0.014). However, FR fish did
not appear to grow faster than size-matched CONs when re-fed. Instead, fish in

the FR group still grew half as fast as those in the CON group for the first part of
the re-feeding period (LM on growth rates between days 70 and 140: t= -2.389,

df= 13, p= 0.033). Differences in SGR were non-significant during the second part

of the re-feeding period, but the FR group still did not appear to grow faster than
the CON group (Figure 3.4; LM on growth rates between days 140 and 250: t= 0.449, df= 11, p= 0.662). Fish density did not affect growth rates during any
period (see LMM models in Appendix 4, Tables A4.7-9).
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Figure 3.5 Specific growth rates of mosquitofish (as a percentage of those of the

controls; treatment group means ± SE, as calculated from tank averages). ‘Re-feeding
period 1’ refers to the period leading up to behavioural trials (days 70-140), while ‘Re-

feeding period 2’ refers to the period after behavioural trials (days 140-250). The
control group is shown in blue and feed-restricted group in red. Asterisks denote p-

values less than 0.05. Sample sizes for control and feed-restircted groups, respectively:

n[tanks]= 8 and 8, for the feed-restriction and re-feeding period 1; and, n[tanks]= 6 and 7 for
re-feeding period 2.
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Mortality rates did not greatly differ between treatment groups either

during the feed-restriction period (Figure 3.6; the percentage of fish surviving in
the CON group: 30.2% vs. FR group: 20.6%; CPRH: z= -1.002, p= 0.307), or

during the entire experiment (CON: 86.5% vs. FR: 74.2%; CPRH: z= -0.927, p=
0.354; see full models in Appendix 4, Table A4.2). The apparent sex ratio was

similar between both treatment groups (1♀ to 7♂ and 9♂ in CON and FR tanks,

respectively; GLMM: z= 0.356, p= 0.722; full GLMM model in Appendix 4, Table
A4.1).
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Figure 3.6 Survivorship curves of mosquitofish in relation to treatment group. Control

group in shown in blue (n[individuals]= 96, n[tanks]= 8), and feed-restricted group in red
(n[individuals]= 97, n[tanks]= 8). The black line represents the feed-restriction period (days 25
to 70), and vertical bars at the right end of the curves indicate censured data (i.e. fish
surviving past the termination of the study).
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3.3.1 Fish behaviour 70 days after re-feeding
3.3.1.1

Average level of behaviour

Both treatment groups expressed similar levels of behaviour (Figure 3.7),

although there were trends showing that FR fish were slightly more aggressive
and risk-taking than CON fish. Nonetheless, these trends were not statistically

supported (LMM for aggression: t= 0.638, df= 102, p= 0.525; and for risk-taking
behaviour: t= 1.050, df= 101, p= 0.425). In terms of the average level of activity
and neophobia, fish in both treatments expressed comparable levels of

behaviour (LMM for activity: t= 0.331, df= 103, p= 0.741; and for neophobia: t= 0.333, df= 105, p= 0.740). Neither sex or fish density had significant effects on

any of the four behaviours (see LMM models in Appendix 4, Tables A4.10-13).
Tank identity only accounted for relatively small variance components

(additional variance accounted for in activity: 4.06%; aggression: <0.01%; risktaking behaviour: 12.10%; and neophobia: 15.58%).
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Figure 3.7 The average level of behaviour expressed by mosquitofish (treatment group
means ± SE). Control group is shown in blue and feed-restricted group in red.

Behaviours are (A) activity in a non-novel, non-threatening environment, (B)

aggressiveness toward a mirror image, (C) risk-taking in a threatening, but non-novel
habitat, and (D) neophobic response to a novel, non-threatening habitat. Note that the y-

axes for risk-taking and neophobia are inverted for ease of interpretation (i.e. greater

latency to emerge equates to higher risk-taking, and less distance covered in novel tank
means higher neophobia). Sample size for control and feed-restricted groups were

n[individuals]= 31 and 30, respectively.
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There was no effect of trial number on activity, aggression, or risk-taking

behaviour (see LMM models in Appendix 4, Tables A4.10-12). However, there

was an indication that the treatment groups differed in how their neophobic
behaviour changed over consecutive trials (LMM for interaction between

treatment and trial: t= 1.699, df= 105, p= 0.092; full LMM models in in Appendix
4, Table A4.13).

Further analyses revealed that neophobic scores decreased dramatically

in the FR group but not in the CON group (LMM for slope of decline in FR group: :
t= 4.274, df= 105, p< 0.001; LMM for slope of decline in CON group: t= 1.919, df=
105, p= 0.058; full models in Appendix 4, Tables A4.13-A4.14). This difference is
observable in Figure 3.8, where FR fish showed a 5-fold increase in the distance
they explored through the novel tank compared to a 1.5-fold increase by CON
fish. There were no statistically significant differences in scores between

treatment groups for any one trial (LMM for Trial 1: t= -0.794, df= 47, p= 0.431;

for Trial 2: t= -0.058, df= 46, p= 0.954; and for Trial 3: t= 1.287, df= 43, p= 0.205;
see LMM models conducted on each trial in Appendix 4, Tables A4.15-17).

Neither sex nor fish density had significant effects on neophobic behaviour in
any of the trials (see LMM models in Appendix 4, Table A4.15-17).
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Figure 3.8 Changes in neophobic response with repeated exposure to novelty test

(treatment group mean ±SE). Control group is shown in blue and feed-restricted group
in red. Sample size for Trial 1 and 2 were: n[individual]= 31 and 30; and for Trial 3:

n[individuals]= 30 and 29; for control and feed-restricted groups, respectively.
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Behavioural plasticity

The overall behavioural plasticity (all behaviours pooled) was

significantly higher in the FR mosquitofish than the CON group (Figure 3.9;

contrasted posterior mean= 0.368; 95% CI= 0.01, 0.67; see full MLMM models in
Appendix 4, Tables A4.18-20). The increased plasticity of FR fish appeared to be

largely attributed to aggression; the FR group was twice as plastic in their

aggressive tendencies relative to CON fish (Figure 3.9; contrasted posterior

mean= 0.447; 95% CI= 0.19, 0.67). FR mosquitofish were also relatively more
plastic in their activity and neophobic tendencies, but this difference was not

statistically significant (contrasted posterior mean= 0.380 and 0.197; 95% CI= -

0.01, 0.69 and -0.17, 0.51; for activity and neophobia, respectively). The

treatment groups did not differ at all in the plasticity of risk-taking behaviour

(contrasted posterior mean = 0.043; 95% CI= -0.21, 0.27). Behavioural plasticity
was unaffected by the density of fish in each tank (MLMM posterior mean= -

0.015 and 0.037; 95% CI= -0.19, 0.16 and -0.04, 0.11; for the CON and FR group,

respectively; see location effects of MLMMs in Appendix 4, Table A4.21).
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Figure 3.9 The plasticity of mosquitofishes’ behaviour, as shown by coefficient of

relative plasticity, CRP (treatment group mean ± 95% credibility intervals). The closer
the CRP estimate is to 1, the more plastic the behaviour. Control group is shown in blue
and feed-restricted group in red. Asterisks denote p-values less than 0.05. Sample size
for control and feed-restricted groups were n[individuals]= 31 and 30, respectively; with

n[scores]= 89- 93 for all behaviours.
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3.4 Discussion

The main aim of this study was to establish whether early feed

restrictions would affect later fish behaviour, namely in regards to the average
level and the plasticity of activity, aggression, risk-taking, and neophobic

behaviour. This discussion begins by first verifying that any differences in the
behaviour expressed by FR and CON fish were chiefly the result of their

disparate feeding regimes (Section 3.4.1). Next, the observed effects of feed
restriction on fish behaviour are discussed (Section 3.4.2). Lastly, the main

findings are considered with reference to their implications to fish cultivation
(Section 3.4.3).

3.4.1 Verifying the absence of compensatory growth and its effect on
behaviour

The premise of this study was that compensatory growth did not

confound the effects of the feed restriction, and so any differences between the

FR and CON groups’ later behaviour should ultimately be the result of the feed-

restriction practice itself (Metcalfe & Monaghan 2001). This premise was met for
two reasons. Firstly, the FR fish did not exhibit unusually fast growth rates when
they were re-fed before the behavioural assay period; rather FR fish grew

significantly slower than size-matched CON fish (Figure 3.4). This indicates that
the behaviour expressed during the assay period should not have been affected
by any prior compensatory growth (see reviews on statistical detection of

compensatory growth; Jobling 2009; Nicieza & Álvarez 2009). Secondly, the FR
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mosquitofish failed to show any signs of rapid growth even after the behavioural

assays (i.e. days 140 -250; Figure 3.5), which further supports the finding that FR
fish never compensated. While it is possible that the mosquitofish exhibited a

very short compensatory response (i.e. only a few days of rapid growth), this is
unlikely, since the lengthy feed restrictions used here should have produced
quite strong compensatory responses, which should been observed in the

average growth rates (for discuss about the associations between length of
restrictions and strength of compensation, see a review by Ali et al. 2003).
Moreover, while some individuals in each tank could have exhibited

compensation without being detected, there was no evidence to suggest that the
FR group on average exhibited compensatory growth. Therefore, the

compensatory growth response should not be confounding the effects of the
early feed restriction on later behaviour.

There are a number of other factors that may have confounded the effects

of feed restriction and attributed to behavioural differences between the

treatment groups (note that factors that act as mediators of feed restriction’s

effect on behaviour, such as sexual maturation and gonad development, are not
considered to confound the effects of restriction). For example, dissimilarities

between the treatment groups’ fish density, mortality rate, tank identity, and/or

sex ratio could also account for differences in behaviour (note that since sib-

groups were not separated between multiple tanks, ‘tank identity’ refers to all
tank, social, genetic, and maternal effects; Reed et al. 2006; Wilson et al. 2006;
Bell et al. 2009; Fucikova et al. 2009; Cote et al. 2011; Ward 2011). The first
factor, fish density, can be discounted because densities were included in

behavioural analyses but it did not have any significant effects on fish behaviour.
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The second factor, mortality rate, was found to be quite high (though not
unusually high for captive mosquitofish populations; A senior and J. Lim

personal communications). However, mortality can be disregarded as causing
significant changes in behaviour between treatment groups because analyses
found that both control and feed-restricted groups experienced very similar
mortality rates (see survivorship curves, Figure 3.6). The third factor, tank

identity (i.e. the combined effects of tank, social, genetic, and maternal effects),

can also be dismissed because tank identity only accounted for minimal portions
of the variation in the data. The fourth factor that may have confounded feed
restriction’s effect on behaviour is sex ratio. Sex ratio could plausibly be

discounted as influencing behavioural differences between treatment groups for
two reasons; the sex ratios were similar between treatments, and the sex of fish
had no significant effects in any of the models. However, it should be noted that
sex was determined using mass as a proxy (see methods, Section 3.2.1), which
can lead to small females being classified as males (and thus produce an

apparently male biased population). Thus the sex ratios reported here might not
have been precise. Nonetheless, it is like that the sex ratio was similar between
all the tanks and treatments because tanks consisted of sib-groups and

mosquitofish generally give birth to equal numbers of males and females (Pyke
2005; Pyke 2008; J. Lim unpublished data). Therefore, any behavioural

differences between the FR and CON groups should primarily result from their
disparate feeding regimes alone.
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3.4.2 Effects of feed restriction on later behaviour

It was expected that if imposing early feed restrictions had lasting effects

on behaviour, results would show that FR fish had significantly different

behaviour compared to CON fish. This expectation was met for behavioural

plasticity, but not for the average levels of behaviour. The specific effects on

plasticity and average levels of behaviour are discussed below (Sections 3.4.2.1
and 3.4.2.2, respectively). In addition to the two aspects of behaviour that were
the focus of this paper, an unexpected effect was also found, involving the rates
at which mean neophobic responses declined with repeated exposure to the
novelty test (discussed in Section 3.4.2.3).
3.4.2.1

Effects on behavioural plasticity

Feed-restricted fish were found to be significantly more plastic in their

overall behaviour compared to satiation-fed fish (Figure 3.9). However, this

increased plasticity was not attributed to all behaviours; FR fish were

significantly more plastic in aggression, but similar to CON fish in the plasticity of
activity, risk-taking, and neophobic behaviour (Figure 3.9). Therefore, my

hypothesis that feed restriction increases behavioural plasticity can only be

conditionally accepted; emphasis should be placed on the variation within the
different behaviours.

In general, high behavioural plasticity would be expected for fish

developing in unstable environments (see De Witt et al. 1998; Dingemanse et al.

2004; Donaldson 2009; Chapman et al. 2010; Carter et al. 2012). This is expected
99

Michael Hitchcock

Chapter 3: Feed restriction

because behavioural plasticity is vital for rapidly responding and ‘fitting’

behaviour to changing environmental conditions, which confers adaptive

advantages (see reviews by De Witt et al. 1998; Nussey et al. 2007; Dingemanse
et al. 2010; Coppens et al. 2010; and empirical studies by Salvanes et al. 2007;

Ruiz-Gomez et al. 2008). However, high behavioural plasticity comes with costs
(e.g. time and energy spent collecting information about the prevailing

conditions; Sih 1992; De Witt et al. 1998), so high plasticity should only be seen
in traits that are crucial for an animals’ adaptation to the specific instabilities

present in its environment (see Dingemanse et al. 2004; Carter et al. 2012; and a
review by De Witt et al. 1998). In feed restriction experiments, the restricted

animals experience greater levels of environmental instability than those that
are not restricted (Donaldson 2009). This may explain why FR fish were

significantly more plastic in their overall behaviour (Figure 3.9). However, the

feed-restriction environment is specifically unstable in terms of food availability
(e.g. the fishes’ access to food changed dramatically between restriction and refeeding; Noble et al. 2007; Donaldson 2009; Chapman et al. 2010). Due to the

costs associated with high behavioural plasticity, we should only see increased
plasticity in behaviours directly related to access to food (Dingemanse et al.
2004; Biro et al. 2006; Dingemanse et al. 2010; Chapman et al. 2010).

Since all of the four behavioural traits that were measured are related to

food access (see reviews by Sih et al. 2004; Réale et al. 2007; Smith & Blumstein
2007), one could argue that we should see increased plasticity in all behaviours
under the feed-restriction environment. However, behavioural adaptations

should be interpreted in the context of the experimental settings (Tinbergen

1951; Sih 2011). In the laboratory, unlike the wild, there is no opportunity for
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fish to encounter more food through increased foraging efforts, greater risk-

taking, or extensive searching of the tank (Dingemanse & Réale 2005; Biro &

Stamps 2008; Adriaenssens & Johnsson 2011). Thus, activity, risk-taking, and

neophobic behaviour are relatively unrelated to food access in the laboratory.

Aggression, on the other hand, is critical for gaining access to food in a laboratory
setting through direct competition; but, aggression is also costly because of high
energy expenditure and risk of injury (Thomas et al. 2003; Wipf & Barnes 2011;
Damsgård & Huntingford 2012). Consequently, it would be adaptive for fish to

express levels of aggression that appropriately match changes in food availability
(Nussey et al. 2007; Dingemanse et al. 2010; Coppens et al. 2010). For example,
fish would ideally express high aggression when food is limited and low

aggression when food is plentiful (Damsgård & Huntingford 2012). Therefore,
the unstable levels of food availability in the laboratory environment could

explain why FR fish were more plastic in aggression compared to CON fish but
not in the other behaviours.

Given the observational nature of this study, I can only speculate on these

points. Further research investigating the specific type of environmental

instability caused by feed restriction, and how restrictions affect behavioural
plasticity in non-laboratory settings, should elucidate why plasticity was
increased in aggression but not the other behaviours.
3.4.2.2

Effects on average levels of behaviour

There were no statistically significant differences in the average levels of

behaviour between fish that were feed-restricted and those that were fed to
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satiation. However, the FR group tended to express slightly higher levels of

aggression and risk-taking behaviour (Figure 3.7). These trends are in the same
direction as the immediate effects of feed restriction, which is what would be
expected if such effects persisted (see studies documenting the immediate

effects of feed restriction on aggression and risk-taking behaviour by Symons

1968; Gotceitas & Godin 1991; Ryer & Olla 1996; Cutts et al. 1998). Nonetheless,
because these trends were small and not statistically supported (despite the

relatively large sample sizes: N[individuals]= 61), feed restriction’s effects on later
levels of behaviour do not appear to be biologically meaningful.

There are two explanations for the absence of later effects on the average

levels behaviour. First, long-term differences may have not been observed

because feed restrictions never affected the fishes’ behaviour. I cannot discount
this explanation of the results because behaviour was not tested during the
restriction period. However, it is fairly unlikely that feed restriction never

affected fish behaviour. The immediate effects of feed restriction on levels of

behaviour are relatively universal, with high aggression, elevated risk-taking,

greater neophobia, and less activity having been documented in feed-restricted
fish, birds, and mammals (Symons 1968; Fraser & Rushen 1987; Ryer & Olla
1996; Damsgård et al. 1997; Cutts et al. 1998; Mench 2002; de Jong & Jones

2006; Krause et al. 2009; Cañon Jones et al. 2010; Álvarez 2011; Attia et al. 2012;

Pinheiro et al. 2012). Thus, this explanation is unlikely to explain why there were
no large differences in the average levels of FR and CON groups’ behaviour.

The second explanation for the results is that feed restriction did not have

persistent effects on average levels of behaviour. While conclusive evidence for
this cannot be provided within the current experimental design, there is some
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promising evidence in the literature to support this explanation. The immediate
effects of feed restriction on activity levels have been suggested by Mendez and
Wieser (1993) to slowly return to normal once fish are re-fed. With such

evidence, in conjunction with the notoriously flexible nature of behavioural

levels (Bell 2012), it is conceivable that other behaviours also return to normal

levels after re-feeding, but perhaps at different rates depending on the flexibility

of each behaviour and the strength of restriction’s effects (see a meta-analysis on
the differing flexibility of each behaviour by Bell et al. 2009). Effects on activity
and neophobia may return to normal more quickly than effects on aggression
and risk-taking behaviour. Such different rates of decline could explain why

there were no differences between FR and CON groups in terms of activity and

neophobic behaviour, but slight elevations were still detected in aggression and
risk-taking behaviour. Thus, the observed trends toward high aggression and

risk-taking behaviour may have been a remnant of the fading immediate effects
of feed restriction.

Note that the current data do not allow for conclusive statements

concerning the validity of either explanation. Saying this, it appears that the

fading of immediate effects may be the more plausible explanation of the two. In

order to conclusively test this hypothesis, future studies should assess behaviour

at several points in time; during feed restrictions, immediately afterwards, and at
multiple points following re-feeding. Such experiments could provide clear

demonstrations that the effect of feed restriction on behavioural levels fades
over time.
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Effects on changes in neophobic responses

Interestingly, despite FR and CON groups expressing similar average

levels and plasticity of neophobia (Figures 3.7 and 3.9), they appeared to differ in
how their neophobic levels changed over consecutive trials (Figures 3.8).

Neophobic levels declined with repeated exposure to the novelty test, indicative

of the fish becoming accustomed, or habituating, to the novel objects (Lieberman

2000; Ferno et al. 2011). However, this habituation was significantly faster in the
feed-restricted fish, with neophobic responses of the FR group declining more
than twice as fast in the CON group (Figures 3.8). Note that these changes in
neophobic levels do not necessarily equate to high behavioural plasticity,
because these were group-wide patterns not the result of individual
inconsistencies.

Despite this faster habituation, there were no statistically significant

differences between treatment groups in any one trial. This result might have

been biased because of the length of the testing tank; fish in the FR group were

routinely exploring most of the tank by the last trial (the tank was 1500mm long,

and average distance swam by FR fish was 1249.6 mm ± 350.6 SE). Thus, the size
of the tank may have physically limited the FR fish from exploring more, and so
prevented statistical support for what was a true difference.

There are two complementary reasons that may explain why feed-

restricted fish habituated faster to the novelty test than the satiation-fed fish.

Both reasons involve the disparate environmental instabilities experienced by

fish in the two feeding regimes. First, faster habituation may be more adaptive in

the feed-restricted environment, where conditions are highly variable, compared
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to the satiation-fed environment (note that this explanation may conflict with the
similar adaptive explanation proposed for the high behavioural plasticity of

aggression, but only if rapid habituation is both costly and non-adaptive in a

laboratory setting; Donaldson 2009; Chapman et al. 2010; Tanner et al. 2011).

Second, the highly variable environments caused by feed restrictions may have
dulled fishes neophobic responses simply because they had experienced more

novel challenges throughout development (Ferno et al. 2011; Jobling 2012). The
faster habituation seen in feed-restricted fish could also be explained by a

combination of these two reasons. The environmental instability caused by feed
restrictions may have made fish both less perturbed to novelty by presenting
new challenges to them in terms of food acquisition, and more adapted to

novelty in general (Donaldson 2009; Rodríguez-Prieto et al. 2011; Ferno et al.
2011).

3.4.3 Implications for fish culture

The three main results found in this study each have implications for the

use of early feed restrictions by fish farms. First, behavioural plasticity,

especially in terms of aggression, was higher in feed-restricted mosquitofish

compared to those that were fed to satiation. Provided similar effects occur in

salmonids, this finding has implications for both the culture of fish on farms and
when released into the wild. From an on-farm perspective, it may be possible to
exploit the increased ability of feed-restricted fish to quickly respond and adapt
their behaviour to changes in their environment (Dingemanse et al. 2010;

Coppens et al. 2010; Jobling 2012; Huntingford et al. 2012b). For example, feed105
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restricted fish may be more responsive to farmers’ attempts at minimising

aggression by altering the various costs and benefits of fighting (Hsu et al. 2011;
Damsgård & Huntingford 2012; Huntingford et al. 2012b). However, we should

also note that a greater responsiveness to the costs and benefits of fighting may
also make the fish switch to aggression faster if the benefits outweigh the costs
(Huntingford & Adams 2005; Hsu et al. 2006; Conrad et al. 2011).

Increased plasticity of feed-restricted fish could also implicate their

release into the wild (e.g. for fee fishing, stock enhancement, or conservation-

based reasons; Salvanes et al. 2007; Huntingford et al. 2012b). The inappropriate
expression of behaviour is a major hurdle to the survival of farm-raised fish

when released into the wild (Munro & Bell 1997; Brown & Laland 2001; Brown

& Day 2002; Ferno et al. 2011). Farm-raised fish, for instance, often fail to adapt
their aggression and risk-taking behaviour to the wild, increasing their risk of

predation and of sustaining injuries in fights (Sundström et al. 2003; Sundström
et al. 2004; Biro & Post 2008; Huntingford & Coyle 2012). While the increased

plasticity of aggression would help mitigate such inappropriate behaviour (Hsu

et al. 2011; Damsgård & Huntingford 2012; Huntingford et al. 2012b), my results
show that risk-taking behavioural plasticity is unaffected. Provided my

speculation regarding why risk-taking plasticity was not increased, it may be

possible to increase the plasticity of this behaviour by using feed restrictions in
conjunction with some commonly used ‘life skills training’ practices such as

predator avoidance training (for reviews of ‘life skills training’ in fish, see Brown
& Laland 2001; Brown et al. 2011; Ferno et al. 2011). If this were possible, feed

restrictions may become a very useful practice to increase the success of release
programmes.
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The second key finding of this paper was that early feed restrictions do

not appear to have lasting effects on the average levels of behaviour. I speculated
that the adverse levels of behaviour that occur during feed restrictions return to
normal soon after fish are re-fed, although more research is needed to confirm

this speculation. Assuming future research supports this conclusion, fish farmers
practicing feed restrictions may not need to worry about having to continually

employ additional measures to mitigate adverse levels of behaviour after using
feed restrictions.

Lastly, results showed that fish subjected to early feed restrictions are

faster to habituate to novel objects than satiation-fed fish. Such an effect of feed
restriction was unexpected, but not wholly unexplainable (Donaldson 2009;

Rodríguez-Prieto et al. 2011). Since feed-restricted fish are faster to habituate to
novel objects, they should accustom faster to routine husbandry measures,

which would increase the performance and stress levels when in culture (Ferno
et al. 2011). Furthermore, this effect of restriction may increase the efficacy of

wild-release programmes, because fast habituation to novelty is known to be a
critical determinant of the successful establishment of introduced fish species
(Shustov et al. 1980; Inglis et al. 2001; Rehage & Sih 2004).
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The overall aim of this thesis was to describe some of the side effects of

two practices used in aquaculture to manipulate fish: compensatory growth and

feed restriction (Ali et al. 2003; Lucas & Southgate 2003; Huntingford et al. 2006;
Jobling 2012). Emphasis was placed on the unintended side effects of these
practices that pose implications for the successful cultivation of fish. By

describing such side effects, my goal was to help in accumulating a knowledge

base from which fish farmers can draw upon to make informed decisions about
whether, and how, to use compensatory growth and/or feed-restriction
practices.

This chapter places the findings of the two original research chapters

(Chapters 2 and 3) into the broader contexts of scientific research and fish
cultivation. There are three sections in this chapter. The first two sections

discuss compensatory growth and feed restriction in turn (Sections 4.1 and 4.2);
highlighting the main conclusions drawn from my research, the various

implications each conclusion poses for fish culture, limitations of my research,
and suggestions for future directions of scientific study that will increase

applications to fish cultivation. Finally, a few concluding remarks are made in
Section 4.3.

4.1 Compensatory growth practice

Compensatory growth (henceforth, CG) is used by fish farmers to boost

profit margins; costs are reduced through using feed restrictions, and when

restrictions are lifted, the rapid growth of CG ensures that fish quickly bounce
back to similar sizes as satiation-fed fish (Hayward et al. 1997; Ali et al. 2003;
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Skalski et al. 2005; Reigh et al. 2006; Rosauer et al. 2009). However, when using
CG to manipulate fish growth, many unintended side effects can also occur

(Metcalfe & Monaghan 2001; Yearsley et al. 2004). It is important that farmers
understand CG’s side effects, because they may be detrimental to aquaculture

and thus could potentially negate any benefits of using CG (Hector & Nakagawa
2012).

4.1.1 Main conclusions and implications for fish culture

Chapter 2 presented an opinion article on the side effects of CG, which

had three main conclusions important for CG research and fish cultivation. First,
researchers have neglected many side effects that pose important implications

for the practice of CG on fish farms. Specifically, I discussed the possibility of five

potential side effects that have been neglected in the literature. It was concluded
that by practicing CG, farmers may unwittingly: i) increase the occurrence of
cannibalism, ii) elevate the incidence of aggression, iii) increase the rate of

deformation, iv) lower resistance to infections, and v) decrease the physical

fitness of the fish. Whether or not these potential side effects transpire will vary
based on the species and/or life stages in which CG is induced (Metcalfe &

Monaghan 2001; Hector & Nakagawa 2012). Importantly, if these side effects do
arise, there will be many detrimental repercussions for the productivity and
welfare of fish farms (see summary of the specific implications in Table 2.1,
Chapter 2).

Second, there is a distinct lack of terminology to describe the various

dimensions of CG’s side effects. Chapter 2 presents specific terms that convey the
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nature of side effects in three dimensions (where effects arise, when they arise,

and how long they last; summarised in Table 4.1 here, and Figure 2.1 in Chapter
2). This terminology will help consolidate research by aiding comparisons
between the various side effects of CG, and will facilitate communication

between scientists and fish farmers by providing unambiguous and intuitive
terms.

Table 4.1 New terminologies proposed to describe the onset and persistence of side
effects arising from either compensatory growth or feed restriction. For a diagrammatic
description of these terms, please see Figure 2.1 in Chapter 2.

Term

Description

Onset of side effects

Immediate Side effects that arise during compensation (or during
feed restriction).

Recurring Side effects that arise and disappear repeatedly. This
description can also be interpreted as ‘persistence’, but is
used here as an ‘onset’ because when used to describe
persistence it does not confer how long effects last when
they arise.
Deferred Side effects that arise after compensation (or after refeeding if examining the effects of feed restriction only).

Persistence of side
effects
Short-term Side effects that last only a few days or weeks.
Long-term Side effects that take months or years to fade.

Permanent Side effects that persist for the life of the animal.

Trans-generational Side effects that are passed between generations.
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Third, CG research suffers from many methodological issues. Within

Chapter 2, I highlighted several of these methodological issues and suggested
future improvements that will help CG research progress. In particular, it is

suggested that researchers: i) extend the length of their studies in order to detail

the persistence of side effects and to observe deferred effects, ii) use a number of
methods to induce CG because it will allow for discrimination between the

effects of CG and the initial periods of growth suppression, and iii) observe how
side effects persist through generations as it will help farmers understand
whether CG fish should be used for breeding. In addition to these three

improvements, I also highlighted the work of other researchers that have

proposed additional methodological improvements (e.g. improving statistical
analysis, expanding research to include more fish species, and constructing

research framework that allow easy comparison of CG’s effects; Ali et al. 2003;
Jobling 2009; Nicieza & Álvarez 2009; Hector & Nakagawa 2012).
4.1.2 Limitations of research

Chapter 2 discussed five potential side effects of CG that have been

neglected, although there are countless others that also require further study.

While I could have examined a larger number of effects, I decided to only discuss
those that met three criteria. There had to be: (1) strong evidence that effects

were likely to occur; (2) clear and important implications to fish cultivation if the
effects did occur; and (3) such effects had to be neglected by the CG literature.
I deliberated upon many potential side effects to examine during the

preparation stage, but excluded many because they did not meet the first two
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criteria; either lacking strong evidence that they will occur (e.g. effects on space
use, diet choice, and tropic morphology), or for not posing clear and significant
implications to fish cultivation (e.g. effects on oxidative stress, cognition, and
mate choice). The third criterion (that effects had to be neglected by the CG

literature) proved troublesome. Side effects were often neglected to different

degrees; some were completely neglected while others were touched upon but

remained largely underexplored. To determine which of the neglected effects to

include in my discussion, I gave priority to those that were completely neglected
1, and not to those that were only underexplored in terms of the persistence of

effects (i.e. we know when effects arise, but not how long they last). I did not

prioritise the effects that were underexplored only in terms of persistence (e.g.
effects on digestibility; Pedersen et al. 1990), because these could be easily

remediated by following my suggestions to extend the length of studies (see

above). Therefore, while I could have included more potential side effects, only
those that had strong evidence showing that they would occur, were neglected
by the literature, and had an applied significance were included.

1 Note: I made an exception for effects on aggression, which are in the literature but the

persistence of the effects is underexplored (Nicieza & Metcalfe 1997; 1999). This
exception was made because there was intriguing new evidence that effects on
aggression would persist and also because the effect that CG has on aggression poses
serious concerns for fish farmers (Bell et al. 2009; Conrad et al. 2011; Sih 2011;
Damsgård & Huntingford 2012).
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4.1.3 Future research

The main purpose of Chapter 2 was to suggest future directions for

applied CG research. In addition to the new avenues discussed in this chapter, I
suggest two questions that, when answered, will greatly aid both the

accumulation and the practical application of future CG research. Both of these
approaches would greatly benefit from taking heed to the terminology and

methodological improvements discussed in the main body of Chapter 2 (terms
also summarised in Table 4.1).

First, how often can CG be successfully induced? When fish are recovering

from a period of growth suppression they do not always exhibit CG (see results
of Chapter 3). Moreover, CG does not always lead to fish catching up in size to
normally growing fish (Ali et al. 2003). Whether or not fish exhibit CG, and
whether or not it leads to size recovery, depends on a number of factors,

including: the species of fish; the density at which fish are held; the life-stage at
which CG is induced; the rate at which favourable conditions are returned (e.g.

re-fed rates); as well as the length, intensity, and factor causing the initial growth
suppression (reviewed in Ali et al. 2003). Our understanding of how these

factors affect CG is relatively superficial. Investigations that compare CG between
a range of factors such as between different species, life stages, densities, and

growth suppression methods, should elucidate which, and how, different factors
affect CG, but very few researchers have conducted such investigations (see the
exception by Hector & Nakagawa, 2012, who conducted a meta-analysis on CG

and its side effects; however, this study only addressed CG that had been induced
by feed restriction, and excluded all animals held under farm conditions).
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Consequently, such comparative studies are likely to be of great value in the

future, because they will give details on how CG can successfully be induced.

The second question that remains to be answered concerns the economic

benefits of CG – how much does CG actually boost profit margins? Are these

profits negated by the side effects of CG? For example, if CG produces inferior
flesh that fetches low market prices or if additional practices need to be

employed to mitigate detrimental behaviour, would these costs outweigh the

initial economic benefits of using CG? Numerous researchers have suggested that
inducing CG has economic incentives (Hayward et al. 1997; Skalski et al. 2005;

Reigh et al. 2006; Weirich et al. 2006; Turano et al. 2007; Rosauer et al. 2009)..

However, it is very surprising that this claim has not been fully explored,

especially with respect to the potential role of side effects influencing the

economics of CG. To my knowledge only a single study (Abdel-Hakim et al. 2009)
has attempted to put a dollar price on the use of CG. In this study, Abdel-Hakim

and co-workers (2009) used a multi-faceted study that investigated both the side

effects and the economic outcomes of inducing CG in a hybrid tilapia

(Oreochromis niloticus x O. aureus). In this innovative study, Abdel-Hakim et al.

quantified the money saved by imposing feed restrictions, the outcome of CG in
terms of harvestable flesh, and the side effect of CG on flesh quality and market
prices. Results of this study showed that inducing CG is not always a cost-

effective way to increase profit margins because of weak CG responses (see

results in Chapter 3 of this thesis; Abdel-Hakim et al. 2009). However, AbdelHakim et al. used very short periods of growth suppression (1-3 days of

starvation), which are understood to result in weak CG responses (Jobling et al.
1994; Ali et al. 2003). Potentially, it would have been more cost effective to use
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long periods of feed restriction, which saves more money on food costs and

induces stronger CG responses (Jobling et al. 1994; Ali et al. 2003). Nonetheless,
detrimental side effects produced by CG may negate the profits gained by
inducing strong responses (Ali et al. 2003). To fully explore the economic

benefits of inducing CG, researchers must adopt multi-faceted approaches that
investigate the interactions and relationships between the economic benefits
and the detrimental side effects of CG.

In conclusion, I recommend that future CG research not only quantifies

the side effects of CG, but also the success rate and economic outcomes of
inducing CG. Research into these areas will dramatically increase our

understanding of the CG phenomenon and the possible application for fish
culture.

4.2 Feed-restriction practice
The practice of imposing temporary feed restrictions is used for a number of

reasons, including to reduce the amount of waste in the water, which lowers the

spread of disease and lessens the environmental impact of fish farms (Erikson et
al. 1997; Mente et al. 2006; MacIntyre et al. 2008; Wall 2008). Imposing feed

restrictions, however, also manipulates numerous biological aspects of the fish.
On the one hand, these manipulations can be beneficial; feed restrictions lower

metabolic rates, which in turn increases fish survival during routine husbandry
procedures (Méndez & Wieser 1993; Huntingford et al. 2006; Ashley 2007). On

the other hand, feed restrictions can lead to detrimental side effects (see

Magnuson 1961; Richner et al. 1989; Cutts et al. 1998; Noble et al. 2007; and a
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review by Metcalfe & Monaghan 2001). For example, fish often show adverse
levels of activity, aggression, risk-taking, and neophobic behaviour during
restrictions (i.e. immediately occurring effects, Table 4.1; Symons 1968;

Gotceitas & Godin 1991; Méndez & Wieser 1993; Ryer & Olla 1996; Cutts et al.

1998; Ashley 2007; Donaldson 2009). Moreover, feed restrictions can induce CG,
which as we saw above, also produces side effects that blend with those of feed
restriction (Metcalfe & Monaghan 2001; Hales & Ozanne 2003; Yearsley et al.
2004).

Due to the blending of side effects between CG and feed restrictions, we

still know very little about the nature of feed restriction’s side effects after

restrictions end (i.e. we do not know the persistence of effects, or those with

deferred onset; Metcalfe & Monaghan 2001). It is important to understand these
lasting effects because it will not only reveal how the feed-restriction practice

manipulates the fish itself, but it will also aid in teasing apart the effects of feed
restriction from the subsequent rapid growth of CG (Ali et al. 2003).

Furthermore, quantifying the side effects of feed restriction will show the
consequences of unsuccessful attempts at inducing CG on fish farms.
4.2.1 Main conclusions and implications for fish culture

Chapter 3 presented the results of an experiment observing how an early

period of feed restriction affects later behaviour in the western mosquitofish

(Gambusia affinis). The experiment was able to directly address the later effects
of feed restriction because the fish did not exhibit CG. There were three key
observations made in the experiment, namely that imposing early feed
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restrictions: i) had no effects on the later levels of activity, aggression, risk-

taking, or neophobic behaviour; ii) increased the plasticity of fish behaviour,
especially in terms of aggression; and iii) increased the speed at which fish
habituated to novel objects.

The first observation, that no differences were found in the average level

of activity, aggression, risk-taking, or neophobic behaviour, appears to indicate
that the adverse levels of these behavioural traits commonly reported during

feed restrictions fade soon after re-feeding (see studies reporting the immediate
effects of feed restriction and discussing their detrimental impacts, Ryer & Olla

1996; Damsgård et al. 1997; Cutts et al. 1998; de Jong & Jones 2006; Donaldson
2009; Krause et al. 2009; Cañon Jones 2011; Attia et al. 2012). Thus, the

immediate side effect of feed restriction on averages levels of behaviour does not
appear to have long-term persistence (compare to CG’s effect of increasing levels
of aggression, which usually lasts for months, further discussed in Chapter 2;
Nicieza & Metcalfe 1997; 1999; Álvarez 2011).

The other two observations were that early feed restriction resulted in

elevated behavioural plasticity of aggression and rapid habituation to novelty.

However, I cannot discern the persistence or the onset of these effects, because
fish behaviour was only assessed once (see limitations, Section 4.2.2 below).

Nonetheless, these observations suggest that imposing early feed restrictions

may have positive effects on some aspects of behaviour (Lieberman 2000; Ferno
et al. 2011; Huntingford et al. 2012b). The elevated behavioural plasticity and

habituation of restricted fish indicate their greater capacity to respond and adapt

their behaviour to environmental changes compared to the satiation-fed fish (see
reviews by De Witt et al. 1998; Nussey et al. 2007; Dingemanse et al. 2010;
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Coppens et al. 2010). This effect of feed restriction may increase the survival of
farm-raised fish when they are released into the wild, and thus the success of

farms that raise fish for wild-stock enhancement (Munro & Bell 1997; Salvanes et
al. 2007; Ferno et al. 2011; Damsgård & Huntingford 2012). Furthermore, the
high plasticity of feed-restricted fishes’ aggression should make them more

responsive to other practices intended to manipulate their behaviour, such as

management of aggression (Damsgård & Huntingford 2012; Huntingford et al.
2012b).

4.2.2 Limitations of research

The main limitations of the experiment in Chapter 3 involve its original

intention. Originally, this experiment was designed to be a multi-faceted

investigation of CG’s effects on fish behaviour. Unfortunately, the mosquitofish
used in the study did not exhibit CG. The fish probably did not compensate
because they were held in groups; individually-held fish exhibit CG more
dependably (but note that housing fish individually not only affects their

behaviour, but also reduces the applications of results to fish farms; Ali et al.

2003). However, this failure provided a unique opportunity to investigate the

side effects of an early period of feed restriction on later behaviour without the

confounding effects of CG (opportunity discussed in Section 2.4.2.2 in Chapter 2).
Nonetheless, because this was not what the experiment was originally designed

to investigate, the experiment had a number of limitations when adapted to this
new purpose.
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The largest limitation caused by adapting the experiment to a new

purpose was that the fishes’ behaviour was only assessed after the feed

restrictions had ceased. Behaviour was only assessed after restrictions because I
had originally been concerned with behavioural differences occurring during CG
and not those occurring during feed restriction. Moreover, it was not until the

behavioural assays (day 140, 70 days post re-feeding) that I discovered that the
fish were not compensating. Thus, it was too late to test the fishes’ behaviour
during feed restrictions. A more sound experiment to test the effects of feed

restriction on fish behaviour would have been to assess behaviour both during

restrictions and at multiple points after re-feeding. Such an experimental design

would have captured both the onset and the persistence of feed restriction’s side
effects on behaviour.

4.2.3 Future research

Most studies investigating the later effects of feed restriction (i.e. effects

that persist and/or arise after re-feeding; Table 4.1) have failed to account for

subsequent growth responses when animals are re-fed (Metcalfe & Monaghan

2001). Due to this failure, it is unknown whether these studies observed the side

effects of the initial period of feed restriction, the subsequent CG response, or the
blended effects of both factors (Metcalfe & Monaghan 2001; Ali et al. 2003;

Hector & Nakagawa 2012). As a result, few reports can reliably claim that effects
observed after re-feeding were caused by the feed-restriction period alone (but
see exceptions by McGhee & Travis, 2011, and Kahn et al., 2012, who both

accounted for the effects of compensatory growth when investigating how feed
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restriction altered female mate choice in fish; Metcalfe & Monaghan 2001). Thus,
there are many potential directions for research investigating the side effects
that arise purely from feed restriction, including how effects vary between

different species, life stages, lengths and intensities of restriction, as well as how
feed restriction affects other aspects of fish biology.

The largest hurdle for researchers wanting to study side effects that arise

from feed restriction, is in designing an experiment where fish will reliably fail to
exhibit CG when they are re-fed (Ali et al. 2003). While it is possible to

opportunistically capitalise on studies where restricted fish failed to exhibit CG

during re-feeding (e.g. the experiment presented in Chapter 3), this is a relatively
haphazard way to conduct scientific research. Instead, we need to develop re-

feeding techniques that reliably prevent fish from exhibiting CG when they are
re-fed after restrictions. One potential method that could reliably prevent CG

would be to use graded re-feeding techniques, whereby food levels are slowly

and gradually restored to normal levels after feed restrictions end (cf. the graded

recovery programmes suggested in Chapter 2 to control the strength of CG). Such
graded re-feeding techniques should allow researchers to control the expression
of CG. For example, by re-feeding fish very slowly, we could limit growth rates

and so prevent CG (Ali et al. 2003). Thus, gradual re-feeding practices could offer
a technique whereby terminating feed restrictions will reliably not induce a CG
response.

Importantly, limiting growth rates through graded re-feeding should not

prevent restricted fish from catching up in size to those that were not feed-

restricted (see a review of catch-up and compensatory growth by Jobling 2009).
Therefore, development of such re-feeding techniques will not only allow for
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scientific research to be reliable conducted on the effects of feed restrictions, but
also may allow farmers to access the benefits of feed restriction without

compromising the harvestable size of their fish nor risking the many detrimental
effects of CG (Ali et al. 2003; Young et al. 2005; Jobling 2009; Hector & Nakagawa
2012).

4.3 Concluding remarks

Judging from the potential side effects of compensatory growth outlined

in this thesis (in addition to those reported elsewhere; see reviews by Metcalfe &
Monaghan 2001; Ali et al. 2003; Álvarez 2011; Hector & Nakagawa 2012), it

appears that inducing compensation will result in a large number of detrimental
impacts on fish production and welfare. Thus, the application of compensatory

growth to boost the profit margins of fish farms may be unadvisable. In contrast,
the research presented in this thesis suggests that feed restriction does not

appear to result in overly undesirable effects (see above). However, we only have
an elementary understanding about the later side effects of feed restriction

(Metcalfe & Monaghan 2001). Before these two practices are extensively used on
fish farms, we need to know more about the potentially harmful side effects

arising from their use, the explicit benefits of their use, as well as how these costs
and benefits balance.

Fish are very complex creatures; attempts to manipulate single aspects of

their biology can lead to numerous other unintended effects, both desirable and
undesirable (Jobling 2012). Only through continued effort towards quantifying
both the intended and unintended effects of compensatory growth and feed
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restriction, will we be able to make informed decisions about the use of these
practices in aquaculture.
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Appendix 1:
Collecting and extracting data on the length of CG studies
pertaining to Chapter 2
To investigate the length of CG studies, I collected data from papers

published in peer-reviewed journals. Though there are a number of methods to
induce CG, data was only collected from studies inducing CG through feed

restrictions (i.e. reduced amounts of food) for two reasons: (1) feed restrictions
are the most commonly used method to induce CG (Ali et al. 2003; Hector &

Nakagawa 2012); and (2) feed restriction is the most practical method to boost

profit margins via CG because it allows feed costs to be reduced (Hayward et al.
1997; Ali et al. 2003; Reigh et al. 2006).

Primarily, papers were sourced from searches of the ISI Web of Science,

the most recent of which was conducted on the 4st January 2013. The following
search terms were used: “compensatory growth”, “growth compensation”,

refeed*, refed, “early under-nutrition”, “early nutritional defici*”, and “early

diet*/food/feed* restrict*” (asterisks indicate truncated searches which allow
for all variations of terms). Papers were filtered to include only those deemed
suitable. Suitability criteria included: 1) use of fish taxa, 2) were empirical

studies (i.e. not simulations), 3) used feed restrictions to induce CG (i.e. reduced
amount of feed to suppress growth), and 4) did not include animals that are

genetically modified or have a known disorder. This search provided 51 papers.
To ensure that few relevant papers were missed by these searchers, I also backand forward-referenced from reviews of CG (Metcalfe & Monaghan 2001; Ali et
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al. 2003; Jobling 2009; Álvarez 2011; Hector & Nakagawa 2012). This procedure
yielded only five additional papers that met the suitability criteria. Thus, the
literature search was deemed sufficiently thorough.

From the remaining papers, I extracted data regarding the length (in

days) of the feed-restriction period, the re-alimentation period, and the entire
study. Note that a few papers contained more than one experiment, in which
case more than one experimental length was extracted (N[publications]= 56;

N[experiments]= 156). The data and publications that were extracted are presented
in Tables A1.1 and A1.2, respectively.
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Table A1.1 Length of experiments that investigated the side effects of CG. Note that
single publications have multiple experiments.
Reference
Imsland & Gunnarsson
2011
Imsland & Gunnarsson
2011
Johnsson & Bohlin 2006
Johnsson & Bohlin 2006
Johnsson & Bohlin 2006
Johnsson & Bohlin 2006
Johnsson & Bohlin 2006
Pirhonen & Forsman
1998
Nicieza & Metcalfe 1997
Nicieza & Metcalfe 1997
Fraser et al. 2007
Fraser et al. 2007
Fraser et al. 2007
Johansen et al. 2001
Johansen et al. 2001
Turano et al. 2008
Turano et al. 2008
Kim & Lovell 1995
Kim & Lovell 1995
Kim & Lovell 1995
Sogard & Olla 2002
Sogard & Olla 2002
Young et al. 2005
Young et al. 2005
Damsgard & Dill 1997
Johansen et al. 2001
Jiwyam 2010
Sogard & Olla 2002
Foss et al. 2009
Alvarez & Metcalfe 2005
Alvarez & Metcalfe 2005
Ferrando et al. 2009
Alvarez & Nicieza 2005
Belanger et al. 2002

Species

Length of period in days
Feed
ReEntire
restriction
alimentation
study

Salvelinus aplinus

84

258

342

Salvelinus aplinus

84

258

342

Salmo trutta
Salmo trutta
Salmo trutta
Salmo trutta
Salmo trutta

20
20
30
30
30

317
317
304
304
304

337
337
334
334
334

Salmo trutta

157

137

294

Salmo salar
Salmo salar
Salmo salar
Salmo salar
Salmo salar
Salmo salar
Salmo salar
Morone chrysops/saxatilis
Morone chrysops/saxatilis
Ictalurus punctatus
Ictalurus punctatus
Ictalurus punctatus
Theragra chalcogramma
Anoplopoma fimbria
Salmo salar
Salmo salar
Oncorhynchus kisutch
Salmo salar
Pangasius bocourti
Anoplopoma fimbria
Hippoglossus hippoglossus
Gasterosteus aculeatus
Gasterosteus aculeatus
Hippoglossus hippoglossus
Salmo trutta
Gadus morhua

37
37
65
65
65
42
42
105
84
63
42
21
21
14
61
61
91
56
56
21
35
21
21
32
43
70

215
215
109
109
109
112
112
21
42
63
84
105
105
112
61
61
21
56
56
91
70
79
79
67
52
24

252
252
174
174
174
154
154
126
126
126
126
126
126
126
122
122
112
112
112
112
105
100
100
99
95
94
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Reference

Rueda et al. 1998
Palmeri et al. 2009
Rueda et al. 1998
Palmeri et al. 2009
Rueda et al. 1998
Palmeri et al. 2009
Alvarez & Metcalfe 2005
Nicieza & Metcalfe 1999
Nicieza & Metcalfe 1999
Nicieza & Metcalfe 1999
Nicieza & Metcalfe 1999
Nicieza & Metcalfe 1999
Montserrat et al. 2007
Montserrat et al. 2007
Montserrat et al. 2007
Wang et al. 2009
Russel & Wootton 1992
Russel & Wootton 1992
Russel & Wootton 1992
Russel & Wootton 1992
Russel & Wootton 1992
Russel & Wootton 1992
Liu et al. 2011
Cho 2011a
Liu et al. 2011
Peres et al. 2011
Peres et al. 2011
Cho 2011a
Liu et al. 2011
Liu et al. 2011
Tian et al. 2010
Tian et al. 2010
Tian et al. 2010
Tian et al. 2010
Tian et al. 2010
Ali et al. 2001
Ali et al. 2001
Cui et al. 2006
Oh et al. 2007
Oh et al. 2007

Appendix 1

Species
Pagrus pagrus
Macculochella peelii peelii
Pagrus pagrus
Macculochella peelii peelii
Pagrus pagrus
Macculochella peelii peelii
Gasterosteus aculeatus
Salmo salar
Salmo salar
Salmo salar
Salmo salar
Salmo salar
Sparus aurata
Sparus aurata
Sparus aurata
Oreochromis
niloticus/mossambicus
Phoxinus phoxinus
Phoxinus phoxinus
Phoxinus phoxinus
Phoxinus phoxinus
Phoxinus phoxinus
Phoxinus phoxinus
Acipenser sinensis
Paralichthys olivaceus
Acipenser sinensis
Sparus aurata
Sparus aurata
Paralichthys olivaceus
Acipenser sinensis
Acipenser sinensis
Cynoglossus semilaevis
Cynoglossus semilaevis
Cynoglossus semilaevis
Cynoglossus semilaevis
Cynoglossus semilaevis
Carassius auratus gibelio
Carassius auratus gibelio
Carassius auratus gibelio
Pagrus major
Pagrus major

Length of period in days
Feed
ReEntire
restriction
alimentation
study
28
63
91
15
76
91
14
77
91
10
81
91
7
84
91
5
86
91
35
55
90
37
49
86
37
49
86
37
49
86
37
49
86
37
49
86
28
56
84
28
56
84
28
56
84
28

56

84

54
54
54
54
54
54
28
14
14
14
14
7
7
3
64
32
16
8
4
35
28
28
21
21

21
21
21
21
21
21
42
56
56
56
56
63
63
67
0
32
48
56
60
28
35
35
42
42

75
75
75
75
75
75
70
70
70
70
70
70
70
70
64
64
64
64
64
63
63
63
63
63
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Reference

Oh et al. 2007
Peterson & Small 2004
Bavcevic et al. 2010
Bavcevic et al. 2010
Bavcevic et al. 2010
Belanger et al. 2002
Ferrando et al. 2009
Cho 2005
Cho et al. 2006
Qian et al. 2000
Qian et al. 2000
Qian et al. 2000
Wang et al. 2000
Wang et al. 2000
Wang et al. 2000
Wang et al. 2005
Wang et al. 2005
Wang et al. 2005
Cho 2005
Cho et al. 2006
Cui et al. 2006
Ribeiro & Tsuzuki 2010
Ribeiro & Tsuzuki 2010
Ribeiro & Tsuzuki 2010
Tian & Qin 2003
Tian & Qin 2003
Tian & Qin 2003
Cho 2005
Cho et al. 2006
Cho & Heo 2011
Cho 2011b
Cho 2005
Cho et al. 2006
Cho & Heo 2011
Auer et al. 2010
Zhu et al. 2005
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Species
Pagrus major
Ictalurus punctatus
Sparus aurata
Sparus aurata
Sparus aurata
Gadus morhua
Dicentrarchus labrax
Paralichthys olivaceus
Paralichthys olivaceus
Carassius auratus gibelio
Carassius auratus gibelio
Carassius auratus gibelio
Oreochromis
niloticus/mossambicus
Oreochromis
niloticus/mossambicus
Oreochromis
niloticus/mossambicus
Oreochromis
niloticus/mossambicus
Oreochromis
niloticus/mossambicus
Oreochromis
niloticus/mossambicus
Paralichthys olivaceus
Paralichthys olivaceus
Carassius auratus gibelio
Centropomus parallelus
Centropomus parallelus
Centropomus parallelus
Lates calcarifer
Lates calcarifer
Lates calcarifer
Paralichthys olivaceus
Paralichthys olivaceus
Paralichthys olivaceus
Paralichthys olivaceus
Paralichthys olivaceus
Paralichthys olivaceus
Paralichthys olivaceus
Poecilia reticulata
Leiocassis longirostris

Length of period in days
Feed
ReEntire
restriction
alimentation
study
21
42
63
45
15
60
30
30
60
30
30
60
30
30
60
35
24
59
35
21
56
28
28
56
28
28
56
28
28
56
28
28
56
28
28
56
28

28

56

28

28

56

28

28

56

28

28

56

28

28

56

28

28

56

21
21
21
21
21
21
21
21
21
14
14
14
14
7
7
7
28
21

35
35
35
35
35
35
35
35
35
42
42
42
42
49
49
49
21
28

56
56
56
56
56
56
56
56
56
56
56
56
56
56
56
56
49
49

150

Michael Hitchcock

Table A1.1 Continued…
Reference

Zhu et al. 2005
Cui et al. 2006
Oh et al. 2008
Oh et al. 2008
Oh et al. 2008
Tian & Qin 2004
Tian & Qin 2004
Tian & Qin 2004
Tian & Qin 2004
Zhu et al. 2001
Laurel et al. 2010
Laurel et al. 2010
Zhu et al. 2001
Zhu et al. 2001
Laurel et al. 2010
Laurel et al. 2010
Ali et al. 2001
Ali et al. 2001
Xie et al. 2001
Zhu et al. 2001
Zhu et al. 2001
Ali et al. 2001
Ali et al. 2001
Zhu et al. 2001
Cui et al. 2006
Myskowski et al. 2010
Myskowski et al. 2010
Myskowski et al. 2006
Myskowski et al. 2006
Alvarez & Nicieza 2005
Xie et al. 2001
Pedersen et al. 1990
Bastrop et al. 1991
Wieser et al. 1992
Wieser et al. 1992
Wieser et al. 1992
Wieser et al. 1992
Wieser et al. 1992
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Species
Leiocassis longirostris
Carassius auratus gibelio
Sebastes schlegeli
Sebastes schlegeli
Sebastes schlegeli
Lates calcarifer
Lates calcarifer
Lates calcarifer
Lates calcarifer
Gasterosteus aculeatus
Gadus macrocephalus
Gadus macrocephalus
Gasterosteus aculeatus
Phoxinus phoxinus
Gadus macrocephalus
Gadus macrocephalus
Gasterosteus aculeatus
Phoxinus phoxinus
Carassius auratus gibelio
Gasterosteus aculeatus
Phoxinus phoxinus
Gasterosteus aculeatus
Phoxinus phoxinus
Gasterosteus aculeatus
Carassius auratus gibelio
Tinca tinca
Tinca tinca
Vimba vimba
Vimba vimba
Salmo trutta
Carassius auratus gibelio
Clupea harengus
Cyprinus carpio
Chalcalburnus chalcoides
mento
Scardinius erythrophthalmus
Chalcalburnus chalcoides
mento
Scardinius erythrophthalmus
Chalcalburnus chalcoides
mento

Length of period in days
Feed
ReEntire
restriction
alimentation
study
21
28
49
14
35
49
14
35
49
14
35
49
14
35
49
14
35
49
14
35
49
14
35
49
14
35
49
7
42
49
42
0
42
42
0
42
21
21
42
21
21
42
21
21
42
21
21
42
14
28
42
14
28
42
14
28
42
14
28
42
14
28
42
7
35
42
7
35
42
7
35
42
7
35
42
6
33
39
6
33
39
17
21
38
17
19
36
15
20
35
7
28
35
10
20
30
28
0
28
28

0

28

28

0

28

21

7

28

21

7

28

14

14

28
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Reference

Wieser et al. 1992
Wieser et al. 1992
Wieser et al. 1992
Schultz et al. 2002
Schultz et al. 2002
Schultz et al. 2002
Schultz et al. 2002
Schultz et al. 2002

Appendix 1

Species
Scardinius erythrophthalmus
Chalcalburnus chalcoides
mento
Scardinius erythrophthalmus
Menidia menidia
Menidia menidia
Menidia menidia
Menidia menidia
Menidia menidia

Length of period in days
Feed
ReEntire
restriction
alimentation
study
14
14
28
7

21

28

7
10
10
5
5
5

21
10
10
15
15
15

28
20
20
20
20
20
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Table A1.2 Publication details of the studies that were collected to investigate the length of studies.

Ali, M., Cui, Y., Zhu, X. & Wootton, R. J. 2001. Dynamics of appetite in three fish species (Gasterosteus aculeatus, Phoxinus phoxinus and Carassius
auratus gibelio) after feed deprivation. Aquaculture Research, 32, 443–450.
Auer, S. K., Arendt, J. D., Chandramouli, R. & Reznick, D. N. 2010. Juvenile compensatory growth has negative consequences for reproduction in
Trinidadian guppies (Poecilia reticulata). Ecology Letters, 988–1007.
Álvarez, D. & Metcalfe, N. B. 2005. Catch-up growth and swimming performance in threespine sticklebacks (Gasterosteus aculeatus): seasonal
changes in the cost of compensation. Canadian Journal of Fisheries and Aquatic Sciences, 62, 2169–2176.
Álvarez, D. & Nicieza, A. G. 2005. Compensatory response “defends” energy levels but not growth trajectories in brown trout, Salmo trutta L.
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Appendix 4:
Statistical model outputs from Chapter 3
The following sections present the full statistical models that were used in

the analyses described in the main chapter: analysis of apparent sex ratio (Table
A4.1); mortality rates (Tables A4.2); fish mass estimation (Tables A4.3-6);

growth rates (Tables A4.7-9); average levels of behaviour (Tables A4.10-17); and
behavioural plasticity (Tables A4.18-21). For details regarding statistical

procedures and interpretation of results, see the method and discussion sections
in the main text of Chapter 3.
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Sex ratio
Table A4.1 The full LMM model used to test for differences in the sex ratio of CON and
FR tanks at age 140d (n[individuals]= 82 and 71). Asterisks denote p-values less than 0.05.

Mortality rates
Table A4.2 The full CPRH model used to test for differences in the mortality rate of CON
and FR tanks. Asterisks denote p-values less than 0.05.
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Mass estimation
The following four tables show the full LMM models that were used to

observe the effect of feed restriction in fishes’ mass.

Table A4.3 The full LMM model used to estimate fish mass at age 25d. Analysis was
conducted using individual fish mass (n[individuals]= 82 and 71). Asterisks denote p-values
less than 0.05.

Table A4.4 The full LMM model used to estimate fish mass at age 70d. Analysis was
conducted using individual fish mass (n[individuals]= 56 and 56). Asterisks denote p-values
less than 0.05.
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Table A4.5 The full LMM model used to estimate fish mass at age 140d. Analysis was

conducted using individual fish mass (n[individuals]= 38 and 37). Asterisks denote p-values
less than 0.05.

Table A4.6 The full LMM model used to estimate fish mass at age 250d. Analysis was

conducted using individual fish mass (n[individuals]= 13 and 18). Asterisks denote p-values
less than 0.05.
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Growth rate analysis
The following two tables show the full LM models that were used to

assess the differences between treatment group’s specific growth rates (SGR).

These models used size-matched data (see methods Section 3.2.4.1, Chapter 3).
Table A4.7 The full LM model used to estimate specific growth rate (SGR) during the
feed-restriction period (days 25-70). Analysis was conducted using mean SGR of tanks
(n[tanks]= 8 for both CON and FR). Asterisks denote p-values less than 0.05.

Table A4.8 The full LM model used to estimate specific growth rate during re-feeding
period 1 (days 70-140). Analysis was conducted using mean SGR of tanks (n[tanks]= 8 for

both CON and FR). Asterisks denote p-values less than 0.05.

Table A4.9 The full LM model used to estimate specific growth rate during re-feeding
period 2 (days 140-250). Analysis was conducted using mean SGR of tanks (n[tanks]= 6
and 7 for CON and FR groups, respectively). Asterisks denote p-values less than 0.05.
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Average levels of behaviour
The following tables show the full LMM models that were used to test for

differences between treatment groups in terms of average levels of each

behaviour. Note that the ‘neophobia’ models include LMMs that were conducted
using both feed-restricted and control groups as contrasts (Tables A4.13-14),
and on separate trials (Tables A4.15-17).
Activity

Table A4.10 The full LMM model used to estimate the average level of activity. Analysis

was conducted using averaged scores for each individual (n[individual]= 33 and 22, for CON
and FR groups, respectively). Asterisks denote p-values less than 0.05.
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Aggression
Table A4.11 The full LMM model used to estimate the average level of aggression.
Analysis was conducted using averaged scores for each individual (n[individual]= 33 and 22,

for CON and FR groups, respectively). Asterisks denote p-values less than 0.05.
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Risk-taking
Table A4.12 The full LMM model used to estimate the average level of risk-taking
behaviour. Analysis was conducted using averaged scores for each individual (n[individual]=

33 and 22, for CON and FR groups, respectively). Asterisks denote p-values less than
0.05.
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Neophobia
The following four tables provide the output of the full LMM models used

to test for differences between CON and FR in neophobic behaviour, when all

trials were pooled (Table A4.14 and A4.15; controls as contrasts and restricted
as contrasts, respectively), or when trials were separately analysed (Tables

A4.15-17).

Table A4.13 The full LMM model used to estimate the average level of neophobia, using
the control group as a contrast. Analysis was conducted using averaged scores for each
individual (n[individual]= 33 and 22, for CON and FR groups, respectively). Asterisks denote

p-values less than 0.05.
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Table A4.14 The full LMM model used to estimate the average level of neophobia, using
the feed-restriction group as a contrast. Analysis was conducted using averaged scores

for each individual (n[individual]= 33 and 22, for CON and FR groups, respectively).
Asterisks denote p-values less than 0.05.

Table A4.15 The full LMM model used to estimate the average level of neophobia for

the first trial. Analysis was conducted using averaged scores for each individual
(n[individual]= 31 and 31, for CON and FR groups, respectively). Asterisks denote p-values
less than 0.05.
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Table A4.16 The full LMM model used to estimate the average level of neophobia for

the second trial. Analysis was conducted using averaged scores for each individual
(n[individual]= 31 and 31, for CON and FR groups, respectively). Asterisks denote p-values

less than 0.05.

Table A4.17 The full LMM model used to estimate the average level of neophobia for

the third trial. Analysis was conducted using averaged scores for each individual

(n[individual]= 30 and 29, for CON and FR groups, respectively). Asterisks denote p-values
less than 0.05.
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Behavioural variance estimation
This section presents the between-individual and within-individual

variance estimates gained from MLMM models on each treatment group. See

main text for descriptions for how these models were conducted (Section 3.2.4.2,
Chapter 3).

Table A4.18 The overall behavioural variance of each treatment group. Variance

estimates from a MLMM model that controlled for the density of fish in each tank.
Sample sizes were n[individual]= 31 and 30, n[scores]= 89- 93, for CON and FR fish
respectively.

Table A4.19 The average within-individual variance for each treatment groups.

Variance estimates from a MLMM model that controlled for the density of fish in each

tank. Sample sizes were n[individual]= 31 and 30, n[scores]= 89- 93, for CON and FR fish

respectively.
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Table A4.20 The between-individual variance for each treatment groups. Variance

estimates from a MLMM model that controlled for the density of fish in each tank.
Sample sizes were n[individual]= 31 and 30, n[scores]= 89- 93, for CON and FR fish

respectively.

Table A4.21 Location effects from MLMM models estimating behavioural variance for

each treatment group. Sample sizes were n[individual]= 31 and 30, n[scores]= 89- 93, for CON
and FR fish respectively. Asterisks denote p-values less than 0.05.
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