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and turbines is real and that encounter rate increases
with animal size. Encounter models cannot predict the
outcome; ultimately how many injuries or mortalities.
Actual collision frequency results from the product of
encounter rate and the probabilities of avoidance and
evasion. The use of encounter models, however,
highlights the need to have more detailed knowledge of
the abundance and behaviour of animals at risk in tidal
stream environments and to be able to both predict the
likelihood of avoidance and evasion. If possible,
mitigation measures could seek to enhance the
probability of avoidance and evasion.
Collision evasion by animals, taking action to reduce
the probability of striking part of a device when on a
collision course, depends both on the sensory cues,
visual and sound, provided by the device and the
sensory capabilities, behaviour and locomotor
performance of the animal. Consideration of the
sensory and behavioural capabilities of marine animals
will underpin evasion. For fish, at least, models can be
developed to predict the probability of evasion. An
evasion model based on visual responses to looming
objects and locomotor performance has been
developed.

Abstract
The risk of marine animals colliding with marine
energy converters depends on the densities of
species at risk in the vicinity of these devices, the
encounter rate between animals and the moving
parts of the devices and the ability of animals to
avoid the vicinity of the devices or to evade collision.
A model has been developed to estimate the
probability of fish evading collision. The model is
based on the sensory capabilities, behaviour and
locomotor performance of fish that has been studied
in detail.
Currently the model predicts the
probability of evasion in response to visual cues but
may be extended later to cover auditory cues that
are available at all times; visual cues being
unavailable at night and in turbid conditions.
The model shows that, for tidal stream turbines,
blade speed is of critical importance. For blade
speeds against the water above 6 m.s-1 fewer than
50% of encounters result in evasion.
Blade
thickness is also important; thinner blades are
detected at closer range, resulting in fewer evasions.
Further work is required to extend the model for
predicting marine mammal and diving bird collision
evasion.
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1.

A Visual Evasion Model for Fish

2.1 Background
It is possible to develop a model to predict the
probability that fish will evade collision with
underwater objects by applying the results of research
on fish escape from predator attack, which has been
extensively studied. The study of animal escape
behaviour is important for understanding predator-prey
interactions. These studies have considered: the stimuli
needed to evoke a response and locomotor performance
(maximum swimming speed) during escapes.
Evasion of predator attack and collision with
underwater objects will comprise the following
components, which are included in the model: Sensory
threshold that may trigger an escape response, the
latency of this response (the time between detection
and the initiation of a locomotor response), escape
trajectory (the angular distribution of directions relative
to stimulus presentation in which animals may escape),
and maximum swimming velocity, which for fish

Introduction

The risk of collision between marine animals and
marine energy converters is perceived as having the
potential to be one of the greatest negative
environmental impacts of marine energy. This is to a
large extent because the risk is unknown and therefore
the precautionary principle has led to an onerous
monitoring burden being placed upon developers.
An encounter model can be used to predict rates of
encounter of animals with renewable energy devices
[1]. This model was based on 3 dimensional encounter
models [2-3] developed for use in studies of predatorprey interaction of pelagic marine animals. The model
[1] indicated that the risk of encounter between animals
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varies both with fish size and temperature. See the
review [4] for a full discussion of the biomechanics of
predator-prey interaction.

2.4 Maximum Swimming Speed
Maximum burst swimming speed Vmax increases with
animal size but the increase is not linear. Maximum
speed is the product of tail beat frequency f, stride
length and body length L. For pokilothermic animals
such as fish, speed is also dependent on temperature T.
Although there are differences between fish of the
same size in maximum swimming speed this is largely
due to differences in stride length rather than f. Batty
and Blaxter [7] developed the following model to
predict maximum f and hence Vmax which, although
originally intended to explain the very high length
specific speeds of larval fish, was fitted to data from
fish ranging in size from 1 to 100 cm and therefore has
general application.

2.2 Looming Threshold
One means of evading capture by predators is the
detection of visual looming images by the retinae. If
the rate of increase in apparent size exceeds a threshold
an escape response may be evoked. A study of fish
escape behaviour in response to looming images [5] led
to the development of a model that allows the distance
at which fish will respond to a moving object,
depending on the size and velocity of the object. The
model has been fitted to experimental data from a
number of species in order to obtain values for
Apparent Looming Threshold k. Once a value for k is
found reaction distance D can be predicted:

f = 100e −99 /(T − 29.5) .L−0.266
Maximum swimming speed is the product of f and
stride length. We have used a typical value for stride
length 0.8L.
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2.6 Calculating Probability of Evasion
Whether a fish evades collision or not can be
simplified as the difference in time taken by a fish tf
and the edge of the blade tb to occupy the same point in
space following detection. If tf < tb then success and
p=1, otherwise failure and p=0. It is of course
necessary to consider all possible escape trajectories
and starting positions with respect to blade thickness.

Where:
V = velocity of looming object towards the eye
S = object size

Figure 1: Looming Rate = dα/dt. After Dill [4]

2.3 Latency
The original looming rate model [5] only considered
the apparent looming threshold ALT. This threshold is
somewhat higher and suggests detection at a shorter
range than the true threshold since it includes the latent
period between detection and the onset of the response.
The model can however be fitted to data allowing for
response latency tL and later authors (for example [6])
have considered this factor which being constant (for a
particular species if not all fish) has an increasing effect
on D as V increases. Latency is very important when
the looming object is very large and fast; as it is in the
case of turbine blades. We will use 0.1 s which is our
current best estimate.

Figure 2: Successful collision evasion depends upon
the time taken for a fish to clear the edge of the blade.
By considering the distances that have to be
travelled during the times tf and tb the distances Df , the
distance that the fish has to cover before its body clears
the path swept by the edge of the blade and Dy the
distance that the blade moves during tb , can be
calculated.
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These calculations must be integrated over all
possible escape trajectories and also all the positions
that an animal make occupy across the breadth of the
path swept by the turbine blade at time that the fish
detects and responds to the looming object. The time tf
is the sum of the response latency tL and time taken to
clear the edge of the track of the blade at maximum
swimming speed.

schooling herring [8] and using predicted maximum
swimming speeds Vmax at a temperature of 10°C. The
results are plotted as 3D surfaces in Fig. 4 and show the
interacting effects of turbine blade velocity with both
blace thickness and fish size.
Blade velocity has a dramatic effect on pEvasion
such that above 4 m s-1 the probability of evasion starts
to decline rapidly. Larger fish perform better with all
blade thicknesses.

2.6 Escape Trajectories
Fish will generally swim away from the direction of
predator attack, looming image or sound source.
Circular distributions of trajectories θ followed during
escape responses have been obtained for a number of
species of fish, for example [8]. There is, in general,
no gross variation between species but there are
differences in the circular distribution of escape
trajectories between fish that are part of a school and
those that are solitary, even within the same species [8].
To obtain pEvasion it is necessary to integrate the
product of evasion (0 or 1) and the probability of
swimming on a particular trajectory over a full circle
and starting from points on collision courses across the
width of the blade (i.e. distance from the edge of the
blade, see Fig. 2).

Figure 4: Model predictions of pEvasion at 10°C.
Upper graph with varying blade thickness and a fish
length of 0.3 m. Lower graph with varying fish length
and a blade thickness of 0.3 m.

4.

Discussion

These preliminary results from the model indicate
that, for fish, the probability of evasion increases with
fish size, as maximum swimming speed increases but is
also critically dependent on blade thickness. Thin
blades present a smaller looming target that will only
exceed the animal’s looming response threshold at too
close a range, allowing insufficient time for evasion.
The relative velocity of the blade to the water is also
critical. Below 4 m s-1 the probability of evasion is
near to 1 but declines rapidly above that velocity so that
the probability of evasion is less than 0.5 above 6 m.s-1.
Blade tip velocity ratio (relative to stream velocity) is
usually about 3.5; the risk of collision, therefore, will
very high at tidal stream velocities above 2 m s-1.

Figure 3: The circular distribution of escape
trajectories for schooling herring. After Domenici and
Batty [8].

3. Predicting Turbine Blade Collision
Evasion by Fish Using the Model
Excel functions have been coded to compute Vmax, D
and pEvasion. These functions were then used to
compute pEvasion for various combinations of fish
size, blade thickness, blade velocity and temperature.
The model was run using escape trajectory data for
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However, at tidal stream velocities below 1 m s-1 the
risk of collision will be minimal. It is essential,
therefore, that we obtain a better understanding of
animals' use of tidal stream environments above a
velocity of 1 m s-1.
A comparison of these model predictions with
observations of herring behaviour in response to Killer
Whale tail slaps during carousel feeding [9] is
interesting. While herding herring in a bait ball, Killer
Whales use whole body lunges of less than 5 m s-1
without collision but use tail velocities of 8 to 13 m s-1
to strike and stun herring [9]. Herring do not appear to
be capable of evading any tail slaps.
The encounter model [1] predicted that, for the
Scottish west coast herring population and if 100
turbines were deployed in the area, 4% of the
population would encounter a blade each year. Since
the evasion model shows that many encounters will be
successfully evaded and that encounters are only likely
to result in collision at peak tidal flow and near to the
blade tip, the risk to fish, the significant encounter rate,
is considerably lessened.
The visual evasion model will be a useful tool to
estimate the probability of evasion for fish and may be
extended to include mammals and birds. The model
will also be useful for comparing and contrasting
different device concepts in order to assess their
relative environmental impact or suitability for a
particular site. Furthermore, the need to extend the
model to cover marine mammals, which the encounter
model [1] indicated would have higher encounter rates
than fish and would be at greater risk, must be stressed.
The behaviours that underpin collision evasion have
been less well studied for marine mammal species.
Further experimental work may first be required before
the model can be applied to mammals.
Visual responses depend on contrast between the
looming object and the background. In order to
maximise the probability of evasion it is essential that
devices have surfaces that are appropriately painted to
maximise their visibility underwater with particular
reference to the spectral composition of light at the
depth of deployment, animal spectral sensitivities and
their responses. Visual cues are only available during
the day in conditions of low turbidity but low
frequency transient sound stimuli can also evoke
evasive responses by animals and will enable evasion
when visual cues are not available. The transient
sounds that evoke such responses result from the
pressure pulse as the bow wave of a predator (or
turbine blade) approaches. Further interdisciplinary
work is required to derive a model to predict evasion in
response to the pressure field around moving parts of

devices. Furthermore, if suitable transient sound
signals are provided by an approaching turbine blade it
is possible that blade profiles can be modified to
enhance this signal as a mitigation measure.
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