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WEBB SCALES FAST-START
MANEUVERS

Paolo Domenici discusses Paul Webb’s
paper entitled ‘The effect of size on the fast-
start performance of rainbow trout Salmo
gairdneri, and a consideration of piscivorous
predator–prey interactions’.
A copy of the paper can be obtained from
http://jeb.biologists.org/cgi/content/abstract/65/1/157

The aim of this classic paper by Paul Webb
(Webb, 1976) was to investigate the effect
of size on fast-start performance and to use
the results in order to make some
theoretical considerations on predator–prey
interactions. Until the 1970s, most work on
fish swimming had focused on steady
conditions, with the goal of studying the
relationship between the energetics,
performance and kinematics of in-line
swimming. Work by Richard Bainbridge in
the late 1950s and early 1960s was
fundamental in establishing the relationship
between fish size, tail beat frequency,
amplitude and speed [(Bainbridge, 1958);
recently review by Webb (Webb, 2006)] as
well as speed and stamina (Bainbridge,
1959; Bainbridge, 1962) while J. R. Brett’s
work (Brett, 1964) on salmonids provided
the basis for the energetics of steady
locomotion in fish, to which Webb himself
provided a major contribution (Webb,
1971a; Webb, 1971b). Fundamental to
these studies was the development of a
number of experimental techniques such as
swim tunnels and wheels that allowed
researchers to monitor fish swimming
continuously. Until the mid-1970s,
however, very little was known about
unsteady swimming in fishes, such as
turning maneuvers and fast-starts. Yet,
unsteady swimming is the basis of many
fundamental behaviors in fish, from

catching prey and avoiding predators to
social interactions.

Danny Weihs (Weihs, 1972; Weihs, 1973)
provided the first hydrodynamic description
of unsteady swimming (turning in 1972 and
fast-start in 1973), based on the slender-
body theory of Sir James Lighthill
(Lighthill, 1969; Lighthill, 1971), adapted
to deal with unsteady, curvilinear large-
amplitude movement of the fish. However,
it was only with a series of papers by
Webb, starting in 1975, that the kinematics
of fish fast-starts was systematically
analyzed quantitatively (Webb, 1975). The
1975 paper was based on a comparative
kinematic analysis of the acceleration
performance of two species of fish. The
subsequent paper (Webb, 1976) is discussed
here and was the first paper on the scaling
of fast-start performance. The high impact
of this paper was due to the relevance of
scaling in the predator–prey gambit, in
which one of the main differences between
the predator and the prey is their size. This
is especially true in geometrically similar
species, as is the case for many
predator–prey pairs in fish. The
experimental data presented in the paper
were corroborated by theoretical
considerations on predator–prey
interactions. These considerations are an
extension of a geometrical model of
predator–prey interactions based on a
seminal theoretical paper by Howard
Howland – which investigated the relative
importance of speed and maneuverability in
predator–prey encounters (Howland, 1974)
– and their strength lies in the use of
experimental data acquired on the fast-start
performance and kinematics of rainbow
trout of various sizes.

Using a non-directional stimulus (a low-
voltage electric shock), Webb induced fast-
starts in seven size-sorted groups of
rainbow trout (Salmo gairdneri 
Oncorhynchus mykiss) ranging from 9.6 to
38.7cm in total length. The fast-starts were
recorded on film, and a number of
kinematic variables, such as duration of
each tail beat, distance covered, velocity,
acceleration, and turning radius, were
analyzed. In addition, Webb identified two
types of fast-starts, which he originally
called L-start (in later literature to be called
C-start) and S-start. Webb recognized the
diversity of fast-start patterns, which was
the subject of many papers to come
(Domenici and Blake, 1991; Gamperl et al.,
1991; Hale, 2002; Harper and Blake, 1990).
The issue of whether different kinematic
patterns of fast-start may correspond to
different neural control remains unresolved,
although Hale has shown that, in pike, C-
start and S-start escapes correspond to
different muscle activation patterns,
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suggesting differential neural activation
(Hale, 2002).

Webb found that the time required to
complete the first muscle contraction (i.e.
one tail beat) of a fast-start increases with
fish size. This is in line with Clem Wardle’s
work (Wardle, 1975), which provided the
basis for estimating the maximum
swimming speed of fish based on the
minimum contraction time of isolated
muscle blocks. Webb’s data show that both
distance covered and velocity at the end of
the first two half tail beats (stage 1 and 2)
increased with size. For an ecologically
relevant measure of performance, Webb
introduced evaluation of swimming
performance within a fixed time and found
that, in this case, distance and speed were
size independent, in line with the size
independence of acceleration. This is a
major finding because it implies, as Webb
suggested, that predators may be unable, on
the basis of swimming performance alone,
to catch a geometrically similar, smaller
prey. The situation would change if the
interaction were prolonged (Guinet et al.,
2007) since large fish can reach a higher
speed than small fish if provided enough
time, although this is a less common
strategy and a challenging one to test in
controlled conditions. Webb’s work is
particularly relevant for predator–prey
interactions of relatively short duration,
such as those often encountered in
structurally complex environments
(Domenici, 2003). Although later work has
demonstrated that acceleration varies across
developmental stages (i.e. as fish grow
from larvae to juveniles) within one single
species due to changes in body form and
muscle contractile properties (Hale, 1999;
Wakeling et al., 1999), when data from
adults of various species are considered
together, acceleration appears to be
unaffected by size (Domenici, 2001; Vogel,
2008). Furthermore, Webb found that
turning radius, a variable suggested to be a
major determinant of predator–prey
gambits, increases with size as a fixed
proportion of length (0.17 length in trout),
in line with theoretical predictions based on
setting the centrifugal force acting on the
fish equal to the force available for the turn
(Howland, 1974). Hence, predators are
likely to have lower maneuverability (i.e.
larger turning radius) than their prey.

Despite all this, Webb argued, predators do
catch their prey regularly in short-lived
encounters. Therefore, there must be some
other factors that play a role in determining
the outcome of predator–prey interactions.
Building on Howland’s theoretical ideas,
Webb introduced a number of factors that
could play a role in determining the
outcome of predator–prey interactions in

modeled scenarios. Notably, these are
factors that impinge upon various
disciplines from biomechanics to behavior
and neurobiology, such as the initial starting
configurations (i.e. the relative orientation
of predator to prey), the initial distance
separating predators and prey, the duration
of the acceleration, the delay time in prey
response, and the prey turning radius.
Based on the modeled scenarios, Webb
concluded that the outcome of
predator–prey interactions between
geometrically similar fish depends more on
reaction times than on swimming
performance alone. The situation changes if
predator and prey are geometrically
different and, consequently, may have
different swimming performance in terms
of acceleration and maneuverability. This
approach placed the kinematics of unsteady
swimming within the larger context of
predator–prey interactions, thereby
providing a major contribution to creating a
whole area of research that couples
biomechanics to the study of predator–prey
relationships. As the scaling of locomotion
within the context of predator–prey
interactions is receiving more and more
attention in the literature (Dial et al., 2008;
Higham, 2007; Vogel, 2008), Webb’s
general conclusion, that timing is a
fundamental determinant of predator–prey
encounters, has been largely confirmed by
work on staged interactions (Fuiman et al.,
2006; Scharf et al., 2003; Walker et al.,
2005). Later work by Webb (Webb, 1982;
Webb, 1986) considered the effect of
predator morphology on the reaction
distance of prey, further widening the scope
of his investigations by linking
ecomorphological considerations to
behavioral ecology work (Dill, 1974).

As a PhD student in Robert Blake’s
laboratory at the University of British
Columbia, where fast-starts were one of the
main subjects of investigation (Frith and
Blake, 1995; Harper and Blake, 1990), I
quickly became fascinated with the
relevance of fast-starts for predator–prey
interactions, and it seemed to me that
scaling was a promising area of
investigation, both in terms of providing an
ecologically relevant tool for comparing the
swimming abilities of the predator and the
prey, and the escape performance of prey of
different sizes. Webb’s integrative approach
was also the inspirational key for my
subsequent work on the scaling effects on a
number of components of the escape
response (reviewed in Domenici, 2010). In
this respect, Webb’s contribution goes
beyond his actual experimental findings.
Starting with the 1976 paper, Webb’s work
filled a major gap in the integrative
approach to understanding predator and
prey maneuvers, which necessitates a

multidisciplinary approach. Webb started
from a rigorous testing of kinematics and
developed models of predator–prey
scenarios by including considerations based
on sensory biology, neurobiology, behavior
and ecology. Webb’s 1976 study is
therefore a perfect example of
biomechanics used as a tool for
investigating the ecological relevance of
locomotor performance, and as such it has
all the ingredients necessary to appeal to
researchers from a variety of backgrounds.
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