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INTRODUCTION

The aquatic environment of fish can vary over developmental and evolutionary
time scales, eliciting responses at levels of organization ranging from the
gene to the whole-animal (Johnston and Wilson, 2006). Temperature and
environmental variables such as oxygen availability, pH, salinity, pollution
and turbidity can directly and/or indirectly influence physiological processes
and behaviour in fish (Bennett, 1990; Prosser, 1991). Many of these factors,
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such incidences of hypoxia and pollution, are also becoming more
commonplace in coastal arcas, and can have profound effects on fish swimming
behavior (Domenici et al,, 2007a). Although numerous studies have
successfully elucidated the functional consequences of environmental
variation on locomotion, and their underlying mechanisms, the link between
such variation and fitness is not often established (Garland and Carter, 1994;
Irschick and Garland, 2001; Wilson, 2005). In this context, studies of prey
capture/escape success and reproductive performance are also likely to be
of direct relevance.

Unsteady swimming is considered to be a major determinant of predator-
prey interactions, although in open habitats these often result in chases that
also require high levels of steady swimming performance (Guinet et al., 2007).
Unsteady swimming performance is also central to the attraction of potential
mates and during male territorial behavior. While unsteady and steady
swimming are undoubtedly crucial to reproductive success, the importance
of each mode of swimming is most likely related to a species’ mating system
and habitat preferences. As such, territorial defensive behaviour and mate
attraction may depend on the speed and maneuverability of the fish (unsteady
swimming) and their ability to sustain these activities over extended periods
(steady swimming).

Although swimming performance has a major role in determining the
outcome of predator-prey and mating encounters, other aspects of fish
behaviour can also be important. For example, the timing of an escape
response can be crucial for avoiding predation, and aggressiveness can affect
mating perfornrance. In this chapter, we advocate an integrative approach
that considers both swimming performance and behaviour within an ecological
context, in order to evaluate the effect of environmental variation on mating
and predator-prey interactions.

THE EFFECT OF ENVIRONMENTAL FACTORS ON STRIKES
AND ESCAPES

Strikes and escapes are unsteady swimming behaviours that are relatively
well characterized, particularly from a biomechanical standpoint. Both
strikes and escape responses are fast-starts, which can be considered as a
form of burst swimming starting either from rest or following steady
swimming (Domenici and Blake, 1997). While this chapter includes the
specific effects of environmental factors on swimming behaviour, further
details on the various modes of swimming behaviour are also covered in
chapters 5 (Domenici) and 6 (Rice and Hale) in this book. Briefly, strikes are
used by predators to intercept mobile prey. They consist of a sudden
acceleration towards the prey, usually accomplished by bending the body
into an S-shape caused by bilateral contraction of the axial musculature
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(S-starts). There is variability in S-starts, such that predators may begin the
strike with a straight body bending rapidly into an Sshape and then accelerate
towards the prey, or they may hold the S-shape in the body for a few seconds
prior to initiating the strike (Chapter 6 by Rice and Hale). Escape responses
usually exhibit a unilateral contraction of the body (i.e., a C-shape) opposite
to the side of the stimulation. This contraction corresponds to stage 1, which
is commonly followed by a second, contralateral contraction (stage 2). The
onset of an escape response is usually triggered by one of a pair of giant
hindbrain neurons (the Mauthner cells). Like strikes, escape responses can
show high variability, e.g., stage 2 may be absent (in single bend responses, as
opposed to double bend responses), S-start escapes may occur in addition to
C-starts in certain species, and non-Mauthner cell responses have also been
observed (Chapter 5 by Domenici).

Temperature

Temperature is perhaps the most studied environmental factor affecting
unsteady swimming performance and has direct, and indirect, implications
for the escape and prey capture of fish. Fast-start performance associated
with escape behaviour generally increases with rising temperature with the
maximum velocity and acceleration attained showing a Q,, ranging from
1.1 to 2.8 (Beddow et al, 1995; Johnson and Bennett, 1995; Temple and
Johnston, 1998; Fernandez et al., 2002). Variable responses of temperature
on cumulative turning angle and angular velocity during the fast-start have
been reported with both variables showing a much reduced thermal
dependence compared to maximum velocity, except at very low
temperatures in some species (e.g., long-spined sea scorpion, Taurus bubalis,
at 0°C) (Temple and johnston, 1998). Acute reductions in swimming
temperature result in an increase in spine curvature during the initial tail-
beat of the fast start and an increase in the strain of fast myotomal muscle
fibres across a range of distantly related species (Wakeling and Johnston,
1998; Wakeling et al., 2000).

Quantitative estimates of the effects of temperature on escape velocity
among species are complicated by interspecific variation in body size, lack
of phylogenetic control in studies, as well as the effects of past thermal
history (Temple and Johnston, 1998; Johnston and Temple, 2002). In
addition, other factors, such as condition index and/or reproductive status
(James and Johnston, 1998; Martinez ¢ al., 2004) and growth rate (Alvarez
and Metcalfe, 2007), may interact with temperature to independently affect
performance. The power output of the fast myotomal muscle is thought to
limit fast-start performance of fish (Wakeling and Johnston, 1998). Muscle
power output can be measured in vitro using the strain and electrical
stimulation patterns recorded én vivo during fast-starts (Johnston et al., 1995;
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Franklin and Johnston, 1997). Such studies do not provide evidence for
major evolutionary adjustments in maximum muscle power output and hence
swimming speed at any given temperature (Wakeling and Johnston, 1998),
although minor adjustments cannot be exciuded for the reasons discussed
above in relation to kinematic analyses. However, what is more certain is that
the range of temperatures at which fast-starts can be successfully elicited is
strongly related to an organism’s environmental temperature, and
performance often declines precipitously towards the thermal limits of a
species. For small larvae (~< 1 cm), some of the effects of temperature on
performance can be attributed to the physical properties of the water with
increased viscosity and drag at low temperatures, though such effects are not
significant for juvenile and adult fish (Fuiman and Batty, 1997).

Thermal history has a major impact on all aspects of fast-start behaviour
during prey capture (Beddow et al., 1995) and escape responses (Temple
and Johmston, 1998). The ability to respond to long-term changes in
environmental temperature by modifying underlying physiological state is a
process known as thermal acclimation. In some, mostly eurythermal species,
receiving stable seasonal temperature signals, several weeks of cold
acclimation can result in major changes in muscle biochemistry and
contractile properties involving hundreds of changes in gene expression
(Gracey et al., 2004), with concomitant effects on fast-start performance
(reviewed in Johnston and Temple, 2002). There is evidence that continuous
changes in protein expression, e.g., myosin heavy chains (Imai et al., 1997),
result in threshold effects on contractile properties which serve to increase
the thermal range and hence fast-start performance close to the temperature
limits for eliciting the behaviour (Wakeling ef al., 2000). For this reason the
magnitude of temperature acclimation responses in fast-start behaviour are
typically greater in species with a large (e.g., goldfish, Carassius auratus)
than a more restricted thermal range (e.g., rainbow trout, Oncorhynchus
mykiss) (Johnson and Bennett, 1995). For example, 4 weeks after transferring
rainbow trout from 5°C to 20°C, the maximum linear swimming velocity during
fast-starts at 20°C had not increased significantly whereas there were modest
improvements in the distance moved (24%) and in angular velocity (15%)
(Johnson and Bennett, 1995). In many species (e.g., goldfish, johnson and
Bennett, 1995), an improvement in escape swimming speed at low
temperatures with cold-acclimation is associated with a decline in
performance at high temperatures, however, such trade-offs are not
observed in all species (e.g., short-horn sculpin Myoxocephalus scorpio, Temple
and johnston, 1998). The ability to show an acclimation response with
respect to fast-start performance is often acquired during ontogeny and is
associated with seasonal warming during development (e.g., common carp
Cyprinus carpio, Wakeling et al., 2000; Cole and Johnston, 2001) ora change in
habitat (e.g., short-horn sculpin, Temple and Johnston, 1998).




