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SECTION 1: INTRODUCTION

As part of a drive to replace energy derived from burning fossil fuels by energy from renewable
sources, there is currently great interest in harnessing the energy in tidal currents. Though they vary
in direction and current speed over a tidal cycle and through the seasons, tidal currents are assured
and predictable. Electricity generated from tidal power will therefore take a premium place within
the generation mix for those companies tasked with maintaining a continuous electricity supply.

However there are concerns that devices such as rotating rotors placed within a tidal current will
present an obstacle and collision risk to wildlife. These concerns relate most obviously to seals and
cetaceans and deep-diving birds which forage within tidal channels, but there are also concerns
about the potential collision risk to fish, particularly Atlantic salmon. While the risk presented by a
single underwater turbine may appear minimal, there are proposals under development for large
arrays of turbines whose combined frontal area represents a very significant proportion of the
underwater cross-section (width x depth) of the channel® in which they would be sited. For such
arrays, it is important to understand the degree and extent of collision risks. Developers are
therefore required to include an assessment of collision risks as part of their Environmental
Statement / development application.

This guidance is written for developers and their consultants, and for regulatory bodies, with the aim
of promoting approaches to collision risk assessment which are as far as possible standardised.

The whole topic of assessing the collision risk of tidal generating devices is still in its infancy. This
guidance describes three models which may be used to estimate the number of animals likely to
collide. However, very little is known about how animals may react to the presence of devices,
either by avoiding using the site, by navigating through risk-free avenues through an array, by taking
successful evasive action when close to a device, or by being swept clear by hydrodynamic forces
(i.e. passive avoidance). Nor is there yet an understanding of the extent to which animals may be
attracted to tidal turbines, responding to high energy water flows or to congregations of prey
species finding downstream shelter. Furthermore, depending on the species, it need not be
assumed that all collisions will result in serious injury or death. For large animals at least, collisions
with slower-moving parts of a turbine close to its hub, or collisions with turbines rotating slowly in
near-slack water, may not result in physical injury. The results from these three models are
therefore only a start. Any view on actual collision risk will require assumptions to be made on the
likely levels of avoidance and attraction, and the potential for serious injury or death resulting from
collisions.

At the present time, open horizontal axis turbines are by far the most commonly proposed, and have
stimulated the development of the three models:

e the Encounter Rate Model (ERM)
e the Collision Risk Model (CRM)
e the Exposure Time Population Model (ETPM)

! the term ‘channel’ is used in this guidance to describe any area of seabed within a tidal current
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The three models described in this guidance are basic and simple in concept, and may well be
refined over the course of time. They all address only one particular type of tidal generator — open
horizontal axis turbines, though Section 7 outlines how the ERM and CRM models may be adapted
for turbines consisting of an annular ring of blades, or for turbines with twin contra-rotating rotors.
The models are not suited to turbines contained within a cowl or tube, which may amplify current
speeds and affect animal swim direction; and in particular they are inappropriate for generators
installed within a tidal barrage.

The approaches of the ERM and CRM are broadly similar in that they both use a physical model of
the rotor and the body size and swimming activity of the animal to estimate the potential collision
rate. The ERM model focuses on the volume per unit time swept by each blade, while the CRM
focuses on the number of animal transits through a rotating rotor and the collision risk during each
transit. In both models, the shape of the rotor blades and animal are highly simplified, and single
mean values are used for tidal current, animal and rotor speeds. Nonetheless the results give a
reasonable indication of the likely level of risk in the absence of avoidance. For both models, as
described in section 2.4, there is a need then to consider the potential for animals to avoid the
turbines — which may lead to applying an appropriate avoidance rate; and to consider the likelihood
that a collision will cause death or serious injury to the animal. Finally there will be a need to view
such collision and mortality rates in the light of the dynamics of the animal population.

The ETPM uses population modelling to assess the critical additional mortality due to collisions
which would cause an adverse effect to an animal population. The model translates that into the
collision rate for each animal within the volume swept by the rotors which would be sufficient to
cause such an effect. It then calls for a qualitative judgement on whether such a collision rate is
likely. Though the ETPM model was developed to assess collision risks with diving birds, it could be
applied to other receptors if suitable population data are available.

Each of these models, and the equations used to make the necessary calculations, are outlined in
turn in sections 2.1-2.3. Section 2.4 describes the use of an avoidance factor to take account of
animals avoiding or evading collision risks. Section 2.5 lists the parameters required for each model,
Section 2.6 discusses which models are most appropriate for various circumstances, and Section 2.7
outlines how the outputs may be used to assess impacts on species populations. A spreadsheet
containing separate worksheets for each model accompanies this guidance and Section 5 contains
detailed guidance on its use.

The use of a spreadsheet makes it easy to calculate figures to several decimal places. It must be
remembered throughout that in the absence of a better understanding about animal behaviour in
the presence of underwater turbines, quantitative assessments of collision risk can at best provide a
rough pointer to the scale of these risks, and should be interpreted in the light of the major
outstanding uncertainties about animal behaviour, as well as the simplifications inherent in the
models.

Throughout this guidance, the word ‘animal’ includes both marine animals (including fish, cetaceans
and pinnipeds) and diving birds. An ‘encounter’ occurs whenever the trajectories of animals and
turbine blades are such as would lead to a collision, assuming no avoidance by the animal, whether
active or passive. The term ‘encounter rate’ (used in the ERM) is thus equivalent to the term ‘no-
avoidance collision rate’ (used in the CRM).



SECTION 2: MODELS FOR COLLISION RISK ASSESSMENT

2.1 The Encounter Rate Model

The Encounter Rate Model (ERM) was first described by Wilson et al (2007), and used to predict
potential encounters with marine mammals (harbour porpoise) and fish (herring), though the
authors envisaged the model could also be adapted and extended for diving birds. An ‘encounter’
occurs whenever the trajectories of animals and turbine blades are such as would lead to a collision,
assuming no avoidance action whatsoever is taken by the animal — either evasive action in the
vicinity of the rotors, or avoidance of use of the site by the animals, or simply being swept clear of
the blades by hydrodynamic forces. Based on a model previously used to estimate encounters
between marine predators and prey (Gerritsen & Strickler 1976), the ERM considers the volume
swept by each rotor blade (the ‘predator’) and the number of marine animals (the ‘prey’) present,
either wholly or partially, within that volume. Animals are assumed to be swimming in random
directions relative to the water body, and with random orientation, usually in the direction of their
swimming — this is an assumption of the predator-prey model which is not fully representative of
swim directions through a tidal channel. The resulting encounter rate is expressed in terms of the
number of animals per month or year which would encounter a turbine.

Imagine an object of cross-sectional area A swept with speed v through water containing D animals
per m>. In one second the object will sweep out a volume A v. All animals within that volume will be
‘encountered’ by the object in that one second, so

Number of encounters in one second = DAv (1)

The ERM is an application of this simple formula, with some refinements, to each blade of a turbine.

Figure 1: animals encountered by an object

The cross-sectional area of a blade is basically its width w times its length R, except that allowance
must be made for the average clearance required r for the centre of an animal to pass the blade if it
is not to make contact because of its body width: this adds a distance r to the length of the blade
and a distance r at both sides of its width (see Figure 2). Thus:

effective cross-sectional area of each blade = (w+2r) (R+r) (2)
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Figure 2: effective cross-sectional area of blade, allowing for average required clearance r

Note that the blade width w used here is the width of the blade from front to back, as viewed from
the side, not as viewed from the front>.

The cross-sectional area of a single blade is then multiplied by the number of blades b, and by the
number of rotors B if the assessment is for an array of turbines.

If the animals are also moving relative to the water, with a mean swim speed u, then the speed v
must be refined to take account of that swim speed, averaging over all possible directions (given the
assumption of random directions). When the blade speed is greater than the swim speed, which is
usually the case, factor v in equation (1) becomes

v(1l+ (u’/3V9)) (3)
This reduces to v if the swim speed is zero. For the derivation of this factor, see Wilson et al. (2007).

The blade speed v relative to the water is itself the result of combining the mean speed of the blade
relative to the hub v, , taken as the speed of the midpoint of the blade, and the speed of the water
relative to the hub, i.e. the current speed v.. As the current speed is perpendicular to the tangential
movement of the blades,

v=y (v ) (4)

> More strictly one should take an average of the cross-sectional area as viewed from all directions of closing
speed between blade and animal. However that would require detailed knowledge of blade shape. As blade
speed usually exceeds animal speed, the great majority of collision trajectories will be nearly tangential with
respect to the rotor axis, hence a side view predominates.
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Thus the encounter rate per second developed from equation (1) is:

Cav = D x Bb (w+2r) (R+r) X v(l+ (UY/3v%)) (5)
animal density T cross-sectional area of mean speed of blade relative to
B rotors each with b animal
blades

D is the ‘prey animal’ density, per m*

B is number of rotors

b is no of blades

w is the width of a turbine blade, as viewed from the side

R is the length of a turbine blade

r is the ‘effective radius’ — the clearance required due to the body size of the prey animal
v is the blade speed relative to the water, combining tangential speed and current speed
u is the prey animal’s swim speed relative to the water

A key parameter in the ERM is the ‘effective radius’ r of the animal at risk. Take L as the largest
dimension of the animal. If the animals were spherical in shape, the clearance required to avoid an
approaching blade would be L/2, if Lis the diameter. If the centre of the animal comes closer than
L/2 to an approaching blade, then it will encounter the blade.

However for a stick-like animal — long and thin - the clearance required depends on the animal’s
swim orientation. If the orientation is perpendicular to the direction of approach of the blade, then
again the clearance required will be L/2, half the long dimension. But if it swims in alignment with
the direction of blade approach, the clearance required will be small, approaching zero if it is very
thin. For an infinitely thin animal, taking an average over all possible orientations, and assuming the
orientation is at random, gives an average clearance required of 0.5 (L/2) (see Bailey & Batty 1983,
describing the effective radius within which prey animals will encounter a predator; and Band,
2012b%).

Other shapes of animal are intermediate. An animal which approximates to a flat disc of diameter L,
also with random orientation, would require clearance on average of approximately 0.8 (L/2) (Band
2014). The clearance required is termed the ‘effective radius’ r of the animal and is related to the
longest dimension via a ‘shape factor’ f:

effectiveradius = f x L/2 (6)

To date, fish, marine mammals and diving birds which use their feet to propel themselves
underwater have been modelled as long stick-like animals, while diving birds which use their wings
to scull underwater have been modelled as flat disc-shaped animals. Any departure from that
practice should be agreed with the regulator and statutory nature conservation bodies (SNCBs).

* Note that the shape factor in Band 2014 is 2/f where f is as presented here
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Table 1: shape factors recommended for use with ERM

animal type model shape of | shape factor f
animal
spherical 1
wing-propelled diving birds | flat disc-shaped 0.8

fish, sea mammals, foot- long and thin 0.5 ;@_

propelled diving birds

Cerv is the encounter rate and must be multiplied by the time operating in a given period, to yield an
estimate of the number of encounters in that period. Tidal turbines do not operate in slack water,
so there is a proportion of time that turbines may be expected to be non-operational, in addition to
any periods required for maintenance; then

Number of encounters in the period = Cgmt (1-nop) (7)

where t is the number of seconds in the period, and nop is the proportion of non-operational time
expected. To arrive at an estimate of the number of collisions resulting, this must finally be
multiplied by the non-avoidance factor — the proportion of animals failing to take effective
avoidance action — see section 2.4 and equation (20).

Figure 3 shows schematically how the results of applying the ERM model may be used to inform an
impact assessment. Table 2 on page 16 gives a full list of the input parameters required for the
ERM.
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Figure 3: Schematic of process for ERM and CRM models

2.2 The Collision Risk Model

The Collision Risk Model (CRM) (Band 2000; Band et al. (2007; Band 2012a) is widely used to
estimate the risk to birds flying through wind farms, and is here modified to address underwater
collision risks with tidal turbines. It may be applied to marine animals and diving birds, although the
assumptions made on direction of approach are not very realistic for the latter.

The model considers the number of animals likely to pass through each rotor, and the probability of
collision for each such passage. The CRM refers to a ‘no-avoidance collision rate’, i.e. the collision
rate assuming no avoidance action — this is a concept equivalent to the ‘encounter rate’ in the ERM.
In the CRM the animals are assumed to be swimming in a direction directly towards the rotor, i.e. in
a direction perpendicular to the rotor plane. Inthe underwater context what this means is that any
component of animal speed in the vertical direction (i.e. dive speed for diving animals), or parallel to
the rotor, is ignored. Only the component of velocity directly towards the rotor, taken as the mean
current speed, is considered when calculating the risk of collision in one transit, though dive speed
affects the time an animal is at risk and hence the number of transits.



The CRM calculates the number of passages through a rotor which would be made by animals during
a period such as a year, using the same formula as equation (1) above for the ERM but applying it to
complete rotors, not to each individual blade. However, given that there is a significant probability
of an animal passing through a rotor without colliding, this is then multiplied by the risk of collision
during a single transit:

Collision rate derived using the CRM model:

Cam= D X B 1t (R+0.5W)? X v X /ﬁ)u (8)

mean risk of collision

animal density

cross-sectional animal speed during single transit

area of B rotors

D is once again the animal density in animals m™.

The cross-sectional area of each turbine through which animal transits may occur is 1 (R+0.5W)?
where the radius R is extended by half an animal breadth 0.5W to allow for animals not clearing the
blade tips".

v is the speed with which the animals approach the rotors.

In one second, all animals within a cylindrical volume of cross-sectional area 1 (R+0.5W)? and length
v (i.e. volume m (R+0.5W)? v ) will pass through a rotor. Thus, for B rotors, the number of transits in
unit time is

No of transits= D Bt (R +0.5W)* v where D is animal density, in animals/m? (9)

Not all transits through the swept area of a rotor will lead to a collision, however, since there is
space for passage between the blades, at least for animals which are small relative to the turbine. In
a second stage, the CRM multiplies that transit rate by the average risk of collision for a single
transit, calculated using information on blade size, taper, speed of rotation, and on animal size,
shape and speed:

No of collisions = No of transits x Risk of collision during a single transit (10)

The idealised animal shape used in the model is as shown below, pictured as two solid cones, stuck
together base to base, travelling in a direction along its longitudinal axis. This shape is quite well
matched to the shape of a marine mammal, if the circular cross-section at the widest point is
regarded as the body cross-section, at its widest point, of a marine mammal.

* This adjustment from R to R+0.5W has not normally been applied when considering bird collisions with wind
turbines where W<«R. The adjustment is potentially much more significant for large marine animals and tidal
turbines.



Figure 4: Idealised shape of an animal (red dotted lines) used in CRM

It is assumed that the animals are diving vertically through the risk zone, such that their velocity
component parallel to the rotor axis is just that from the current speed. This is likely to be a gross
simplification: most animals dive at an angle to the vertical, and the time at risk depth may include
some time foraging (e.g. for seal V-dives). However, this simplification makes the calculation
manageable.

In the CRM each blade of the rotor is modelled as a twisted lamina, that is to say the blade has a
width (the ‘chord’) which typically has a maximum some way out from the centre, then tapers off to
become narrow at the tip (see Figure 5). The blade is assumed to have no thickness (though in
reality it will have an aerofoil cross-section). If cis the chord width at radius r, and C is the
maximum chord width, the blade chord profile is expressed as a set of values for ¢/C for values of r/R
from 0 to 1. The pitch of the blade —the angle between the flat of the blade and the rotor plane —is
usually quite small (say 5 degrees) near the tip but increases towards the centre.

rotor
current
rotor axis |
>x radius R
max chord blade

pitch y(r) increases
towards centre

Figure 5: Model blade shape showing how blade chord width and pitch vary with radius



The risk of collision during a single transit at radius r from the centre can be calculated geometrically:
p(r) = (bQ/21v) [ |£csiny +accosy| + max (L, Wa) ] (12)

where
r is the radius from the rotor centre at the point of transit
b is no of blades
Q is rotational speed
v is speed of animal relative to rotor (taken as the mean current speed)
c is the chord width of the blade at radius r
y is the pitch angle of the blade at radius r, relative to the rotor plane
L is the length of the animal
W is its breadth (wingspan for a bird)
a =v/rQ

For the derivation of equation (11) see Band et al. (2007) or Band (2012). It is sufficient to note here
that the collision probability p(r) depends on rotor rotation speed Q, on both the frontal width of the
blades (c cos y) and their depth (c sin y) and on the dimensions (L, W) of the animal. The risk of
collision p(r) also depends on whether the transit is upstream or downstream: the + sign in the %c sin
y term refers to upstream passage; the — sign to downstream. The majority of transits will be
downstream, swept by the current, so the negative sign option in equation (11) is used hereafter in
this guidance.

When averaged over the rotor disk area, this gives a mean risk of collision pcoll for a single transit at
any random point in the rotor:

area of rotor disc area of rotor disc

pcoll = [ p(r)dA / [[ dA (12)

where the integrations are over the area of the rotor disc: [[ dA is just the area of the rotor nR”.
The model assumes that the blades extend right to the rotor axis, i.e. there is no hub.

With this value calculated for pcoll, equation (8) can now be evaluated to get the collision rate Ccrpy.
As with the ERM model, Ccry must be multiplied by the time in the period t, and the proportion of
time operational, to get the number of no-avoidance collisions

Cerm t (1 —nop) (13)

where nop is the proportion of non-operational time expected. Finally it must be multiplied by a
non-avoidance factor — the estimated proportion of animals failing to take effective avoidance action
—to arrive at an estimate of the number of collisions resulting — see section 2.4 and equation 20.

The above equations describe the basic CRM model. If detailed data are available on the animal
depth distribution, a more refined approach may be used in which the density variation with depth
is taken into account alongside the variation in risk across the rotor. The data on the animal depth
distribution must be sufficient to describe the variation in animal density at depths between rotor
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minimum and maximum depths. If the animal density at depth y is D(y) animals/m? then equation
(8) becomes

Cm = BmR? X v X If Dly) p(r)dA / [f dA (14)

Again the integrations are over the area of a rotor. The integration may be calculated numerically.
This is known as the extended CRM model; for species whose depth distribution is strongly skewed
towards the surface it may lead to a reduced estimate of collision risk.

As before Ccgy must be multiplied by the time in the period t, and the proportion of time operational
nop , to get the number of no-avoidance collisions Cery t (1 — nop).

Table 2 on page 16 lists the input parameters required to run the CRM model. The process by which
the CRM may inform an impact assessments is similar that for the ERM as described by Figure 3.

23 Exposure Time Population Model

The Exposure Time Population Model (ETPM) was developed by Grant, Trinder & Harding (2014) to
assess the collision risk to diving birds. In principle it could also be applied to assess collision risks
with marine animals, if adequate information on the population at risk were available.

The ETPM does not aim to provide a quantitative collision rate estimate like the previous two
models. Given the current lack of information on and understanding of animal responses to
turbines, the ETPM aims to present information about risk in a way which avoids making
assumptions on avoidance. It therefore starts at the other end of the process, using population
modelling to assess the critical additional mortality due to collisions which would cause an adverse
effect to an identified animal population. Knowing the number of animals in the population, and the
proportion of time each animal spends within the development site, it calculates the time for which
each animal in the population is exposed to risk — defined as the time, in the absence of any avoiding
action, within which each animal is likely to be found within the cylindrical volumes of water swept
by rotors. The model then combines these to estimate that collision rate for each animal within the
rotor-swept volume which would be sufficient to cause an adverse effect on the identified
population. It then calls for a qualitative judgement on whether such a collision rate is likely or not.

The basic equation for collision rate in the model is

CETPM = N X T X o / t (15)
A //A\\\ \\ \T:;‘:\:\ ‘
Collision rate No of animals time each individual collision rate for one time (secs)
(per sec) in population animal is exposed to animal when exposed to in period
risk risk

tis the time period under study

Cerewm is the collision rate, in collisions per second, during that time period >

> Cerem is used here rather than D as used in the source document, to avoid confusion with density D, and it is expressed as
a rate rather than total collisions during the period, to facilitate comparison with Ccgp.
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N is the number of animals in the population at issue, for example the animals within a
particular breeding colony.

T isthe ‘exposure time’, i.e. the total time within the period for which each animal is exposed to
risk (i.e. the time it spends within the volume swept by rotors), assuming no avoidance

a is the collision rate — the number of collisions per unit time - for each animal exposed to risk

For diving animals, which are at risk only during dives, T is the product of the total number of dives
made by an individual animal, and the mean time during each dive for which the animal is exposed
to risk, by dint of being located within the swept volume of the rotors. The total number of dives
made by an individual animal may in turn be calculated as the dive frequency F (the number of dives
per unit time for an individual animal) multiplied by the total time in the period t. That is

T = Ft x meantime per dive in rotor swept volume (16)

During each dive, the mean time an animal is within the rotor swept volume is the product of:

H the mean time at collision risk depth during each dive. Collision risk depth is the range
between the depth of the uppermost and lowermost extremities of the rotating rotor,
allowing for a half animal length as clearance at both top and bottom: a distance of 2R+L
where R is the rotor radius and L the animal length®. H is the mean time spent within this
range during each dive.

S the volume swept by the rotors, as a proportion of the overall sea volume at collision risk
depth.

e The volume of sea at collision risk depth is the area of the site A, multiplied by the risk
depth range 2R+L (extending the rotor diameter 2R by half an animal length both at top
and bottom).

e The volume swept by the rotors (‘the ‘risk volume’) is the volume of a cylinder with
rotor radius plus half an animal length for clearance (i.e. R+0.5L ), and length equal to
the width from front to back of the rotor plus a half animal length for clearance at each
of front and back (i.e. W + L) (see footnote 4). The volume swept by the rotors is thus
m (R+0.5 L)* (W + L) for each rotor, multiplied by the number of rotors B.

Hence
S = BRr(R+0.5L)*(W+L)/ Age (2R+L)
= B 1 (R+0.5L) (W+L)/ (2 Agre) (17)
Equation (16) becomes
Exposure time T= F t x (HS) (18)

® Grant et al. actually allow a full animal length L as clearance, both on the radius and to the front and back of
the rotor. This is unnecessary as the position of the animal is referenced by its centre. For consistency with
the ERM and CRM models the clearance allowed in this guidance is 0.5L.
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Section 4.3 (page 31) describes two ways of calculating the overall dive frequency F, including the
method used by Grant et al.

The exposure time T may be calculated separately for different periods, eg for each month, or for
different seasons (eg breeding and non-breeding, for diving birds), and summed to yield an annual
exposure time.

There is no formula for calculating a from turbine and animal parameters, because the ETPM
method takes a rather different approach from that of the ERM and CRM. Both the ERM and the
CRM use a collision model to calculate the risk to animals within the risk volume, then apply an
assumed avoidance rate, so as to estimate collision rate: the question is then asked, does this
collision rate represent a significant adverse impact? The ETPM method takes a reverse approach,
using population modelling so as to identify the maximum additional mortality n in the time period t
(usually a year) which could be accepted without significant adverse impact on the population.
Equation (15) is then used in reverse to translate this maximum acceptable mortality into the critical
collision rate a for each animal, within the risk volume, which would inflict that level of mortality.

Having established values for N and T in equation (15), and noting that the total acceptable number
of collisions in the period is n = Cgrpym t, equation (15) can be turned round to

a=n/NT (19)

a is the collision rate for each animal, during the time it spends within the volume swept by rotors,
which would result in the maximum acceptable mortality (assuming all collisions were fatal).

The ETPM then asks the question, is such a collision rate likely, having regard for the likelihood of
high levels of avoidance?

Answering such a question is not straightforward. The collision rate for a single animal which, if it
took no avoiding action, would be within the rotor swept volume depends not just on the actual risk
from the rotor blades and their rotation speed, but also on the speed of the animal. The collision
rate also depends on the proportion of animals avoiding that risk by the various avoidance
mechanisms. Since a is derived directly from the maximum acceptable mortality, it is the critical
collision rate after allowing for possible safe passage through the rotors and likely levels of
avoidance. Although the ETPM does not include reference to assumptions on avoidance rates, the
proportion of animals taking avoiding action is implicit in the judgement to be made on the
likelihood of collision rate a being attained.

Figure 6 shows schematically how the ETPM aims to inform an impact assessment. Table 2 on

page 16 shows the input parameters required to run the Exposure Time component of the EPTM.
Population modelling requires detailed inputs on the population structure and breeding success, and
is outwith the scope of this guidance.
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Figure 6: Schematic of process for ETPM model

FURTHER CONSIDERATIONS FOR COLLISION RISK MODELLING
2.4 Avoidance, attraction and mortality

Neither the encounter rate as estimated by the ERM, nor the collision rate estimated by the CRM,
takes account of the likelihood of avoidance effects. It is therefore necessary to apply an avoidance
factor to allow for the probability that animals will avoid the site completely, or choose routes of
safe passage between the turbines, or take successful evasive action in an escape response, or even
be swept clear of the rotor blades if the hydrodynamic forces on the animal are sufficient. Ideally
such avoidance factors should be based on evidence derived by monitoring collisions at previously-
installed tidal turbines. However, at the time of writing (2016) such evidence is scarce and
avoidance factors are mainly based on guesses or informed estimates, by experts with a knowledge
of the behavioural characteristics of each species, which may depend on prey availability, season
and stages in an animal’s life history.

It is recommended that a range of avoidance rates should be applied to the results of both the ERM
and CRM, so as to generate a range of estimates of the potential collision rates. SNH recommends
that results should be expressed, as a default, using six avoidance rates: 0%, 50%, 90%, 95%, 98%,
and 99%. That recommendation is not implying any view on the appropriateness of any of these
avoidance rates for any species: they should be used to underpin discussion of the level of
avoidance most appropriate to expect in the light of the most up-to-date information. The models
need only be run once; the outputs should then be multiplied by a factor to take account of
avoidance:

If the avoidance rate is A, that means that a proportion A of the animals take successful avoiding
action. The collision rate relates to the animals which do not do so, i.e.
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Collision rate (per second) = (1-A) Cerm OF (1-A) Cerm (20)

A may be expressed either as a percentage (e.g. 98%) or a fraction (e.g. 0.98). The complement A’ =
(1-A) is sometimes referred to as the ‘non-avoidance rate’.

Attraction effects include the possibility that animals may be attracted to the high energy flow of
water through the turbines, or that prey may congregate in the shelter provided by fixed turbine
supports, or that diving birds may be attracted by moving blades visible within the water column. At
this stage of understanding these are even less amenable to description by a numerical factor but
should be considered qualitatively in any collision assessment.

The ETPM model does not require use of an avoidance rate. However the model requires a
judgement upon whether a - the rate of collision for each animal within the rotor swept volume
which would ‘just’ result in adverse impact on the population —is likely to be attained. a is
dependent, alongside other factors like blade size and rotation speed, on rates of avoidance and on
any attraction effects. So although it is implicit in the judgement to be made, rather than explicit
within the quantified collision risk, the same uncertainty over rates of avoidance and attraction
effects is present in the ETPM as in the ERM and CRM models.

A related issue is that of the relationship between collisions and animal mortality. Not all contact
between rotor blades and an animal will be fatal. Contact with peripheral parts of animals, or low
speed collisions with the slow-moving central parts of a rotor, may involve no or minor injury only.
Thompson et al. (2014b) conducted trials exploring the damage to seal carcasses from a boat-
mounted simulated turbine blade, of proportions akin to the SeaGen device in Strangford Lough.
The authors concluded that many collisions with the more rounded and slower parts of a turbine are
unlikely to kill or seriously injure seals; fewer than one third of impacts are likely to be fatal.

One approach to take account of this is to include another ‘mortality’ factor, though such a simple
approach as this does not allow for risk being selective, if for example juvenile animals were more
prone to injury.

In the ETPM model, which is driven by the critical added mortality which would lead to adverse
effect on the population, the factor a becomes the mortality rate due to collisions within the volume
swept by rotors; both potential avoidance or attraction and potential survival from impacts should
be taken into account when judging whether a is likely to be exceeded or not.
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2.5 List of parameters required for each model

Table 2: Input parameters required for each model

\ ERM CRM ETPM
Period
t | time in period(s) v v v
Tide data
Ve tidal current speed v
channel depth v v
Turbine data
no of rotors v v v
2R rotor diameter v v v
b no of blades v v
width of blade from front to back v v
C max chord width of blade v
A pitch angle of blade v
c/C blade profile v
A tip speed ratio v
0 mean rotational speed v v
nop proportion of time non-operational v v v
minimum depth of rotor v v v
Animal numbers
N population of animals v
number of animals observed on site v
site area v
Ds observed animal density per m” v v
critical additional mortality v
Animal data
species name v v v
L animal length v v v
w body width (wingspan for bird) v
Uo animal swim speed relative to water v v
vertical swim speed v v v
’ plunge speed (plunge diving birds only) v v v
swim style (diving birds only) v
Dive data
G number of foraging trips in period v
u dives per foraging trip v
P, proportion of time foraging v v
F, dive frequency while foraging v v
t, mean time underwater during dive v v v
t mean surface time v v
ty watch period v v
dive type v v
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2.6 Choosing which model to use

None of the models have been extensively applied and as yet it is difficult to say which model
approaches provide most insight on likely collision rates. At present there is a lack of monitoring
information from operational turbines to inform collision risk assessments, but when that is
available it seems likely to provide most insight on the nature and extent of animal avoidance and
attraction, rather than on the validity of the models themselves.

The ERM and CRM models are similar in nature, in that they lead to a quantitative estimate of the
encounter rate (assuming no avoidance action), then apply a range of assumptions on avoidance
rate so as to lead to an estimate of likely collision rates. These collision rates then require
interpretation, using population models if appropriate, to determine whether the collision rates
represent a significant adverse impact or not — but that stage lies outwith the scope of the models.
The main limitations of the ERM lie in the simplified shape modelled for rotor blade and animal, and
for both ERM and CRM in the assumptions made on the directions and speed of travel of animals as
they pass through the turbines.

The ETPM uses a population model to estimate the critical added mortality which would have a
significant adverse impact, then translates that added mortality to a rate of collision for animals
exposed to risk which would be just sufficient to cause such an impact. A judgement must then be
made on whether such a collision rate is likely or not. However the model provides little help on
how to make such a judgement, taking account of both the risk presented by rotor blades and likely
avoidance behaviour. In the two worked examples described by Grant et al. (2014), one (for
European shag) concludes that more than one collision every 7-8 minutes within the rotor risk
volume would have an adverse impact on the population, and the authors judge that this collision
rate may well be attained. The other (for common guillemot) concludes that more than one collision
every 25-40 seconds would be required to have an adverse impact on the population, and the
authors judge that, taking account of the likelihood that there will be some evasion and avoidance
behaviour, such a collision rate is unlikely to occur, though it cannot be entirely discounted. As
these collision rates must take into account not only the risk presented by rotor blades but also any
avoidance behaviour, these are difficult qualitative judgements to be made on the likelihood of
attaining the calculated critical collision rates. However, they may be no harder than judging, in the
present state of knowledge, what avoidance rates are reasonable to apply in other models. An
ETPM appraisal may be very helpful in circumstances where there is so little understanding of likely
behavioural responses that a decision based only on qualitative considerations is necessary.

Table 3 on page 18 provides a provisional overview of the relative strengths of the three models’;
this table should be able to be refined once there is more experience on the application of the three
models. These notes are provided to help inform a decision as to which model should be used — or
whether, indeed, to use more than one model.

For some marine animals — notably fish species — data on the input parameters required for any
model may be so limited that only a qualitative or semi-quantitative assessment is possible. A
research strategy prepared for The Crown Estate, Marine Scotland and the Welsh Government
(ORJIP 2015) has pointed to the need for more evidence relating to collision risk and fish.

’ These are the views of the author of this guidance and not necessarily the views of SNH.
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Table 3: Overview of the relative strengths and weaknesses of the three models

ERM CRM ETPM
Ease of use Simple equation with a More detail on turbine Population modelling at outset may
small number of input required; spreadsheet give rise to questions
parameters; spreadsheet available
available
%k kk k %k 3k * %
Encounters/ Counts encounters with Counts collisions with Does not enumerate encounters
Collisions blades: for large animals rotors with either blades or rotors; it

there is potential for a
single collision with
multiple blade strikes

estimates the collision rate within
the volume swept by rotors, for
each animal in the population
assessed, which would represent a
critical adverse impact on the
population.

usefulness of output:

%k %k %k 3k

%k ok %k k

* %

Impact on
population

Only gives an output on
number of encounters
likely; the consequence in
terms of impact on
population must be
assessed separately.

Only gives an output on
number of collisions likely;
the consequence in terms
of impact on population
must be assessed
separately.

Model starts with an analysis using
population modelling of what
would constitute an adverse impact
on the population. Requires
detailed population parameters to
evaluate critical added mortality.

usefulness of output

n/a

n/a

* %k %k

Turbine details

Requires only length, width
and speed of turbine
blades. Yields an order-of-
magnitude estimate of
encounter rate with a
minimum of detail about
the turbines; cannot
differentiate between
upstream and downstream
encounter risk, may
overestimate risk for small
animals swimming
downstream

Uses a model of a rotor
which includes taper and
twist, enabling
differentiation between
risks of downstream and
upstream passage

Information on turbines is limited
to radius and width; does not take
account of rotor speed

usefulness in
comparing effects of
different turbines:

k%

%k %k %k %k

Animal shape

Use of model shapes (stick-
shaped or disc-shaped)
likely to lead to modest
underestimate of
encounter rate

‘Double-cone’ model shape
is quite a good
representation for most
marine animals, and foot-
propelled birds. A poor
model shape though for
diving birds, especially
wing-propelled.

No account taken of animal shape;
does not attempt to estimate
encounter rate

adequacy of model
animal shape:

%k %k %k

ok except diving birds

oAk diving birds

n/a

Animal
trajectories

Assumes that incoming
animals have trajectories
and orientations which are
randomly distributed with
respect to the water body.
Unrealistic for diving

Assumes that all animals
travel in the horizontal
plane and normal to the
plane of the rotor.
Unrealistic for diving
animals but may be more

Does not consider direction of
travel or details of encounter
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species with a preferred
range of diving angles; may
be more realistic for fish,
though the majority of
swim time may be broadly
horizontal.

Ignores hydrodynamic
effects — the potential for
animals to be swept clear
of blades by the flow of

realistic for some fish
species. Assumes that all
animals travel with a mean
speed which is taken as the
current velocity, which
ignores the effect of swim
speed.

Ignores hydrodynamic
effects — the potential for
animals to be swept clear

water of blades by the flow of
water
adequacy 9f moc_jel * K % * % except fish n/a
trajectories
%k %k k ok .
fish

Choice of model to use will depend on the circumstances. Neither the ERM nor the CRM can be
regarded as an accurate calculator of encounter or collision rate. However both are likely to provide
If the data are available, then both the ERM and CRM
may be used. It should be remembered that the assumptions on swim direction and orientation - in

a reasonable order-of-magnitude estimate.

the CRM that animals are passing through the rotor perpendicular to the rotor plane, and all with a
speed of the mean tidal current, and in the ERM that swim directions and orientation are at random
with respect to the water body - are often quite different from the real situation. Thus the results of
both should be regarded as ‘order of magnitude’ only.

For small animals — of size comparable with or less than the chord width of a turbine blade - the ERM
is likely to over-estimate encounter rate, as it does not take account of the geometry of the blade
and under-estimates the likelihood that a small animal moving downstream may pass between
blades, making use of the pitch of the blade to allow free passage.

The ERM counts encounters with blades, and for large animals this is likely to exceed the number of
encounters with rotors, since a large animal may experience multiple encounters with successive
blades. The time taken for an animal to swim past a rotor blade is L/v, while for a rotor with b
blades rotating at Q/2m revolutions per second, the time between successive blade passes is 2rt/bQ.
When L/v > 2n/bQ there is potential for an animal to encounter two or more blades in a single
transit through the rotor. However, if a high proportion of collisions are non-fatal, the number of
blade strikes may be just as relevant as the number of encounters with rotors in judging the
likelihood of death or serious injury.

The method as laid out in the ETPM of calculating dive frequency for diving birds is included in the
spreadsheet accompanying this guidance in the worksheet ‘Density (birds)’, and thus may be used to
calculate animal density when following the ERM or CRM analysis approaches as well.

It is recommended that the choice of model, and the reasoning behind that choice, should be
discussed and agreed with both the regulator and SNCBs in advance of presentation in the
application submission.
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2.7 Impact of collisions on species population

Ultimately, the principal concern about collision risks is likely to be whether levels of injury or death
resulting from collisions will have an adverse effect on the species population. This may require
population modelling or a population viability analysis to understand the potential impact of the
additional mortality.

The ETPM begins with a population analysis developed for diving birds, leading to an estimate of the
critical additional mortality which would cause the affected population to decline. Both the ERM
and CRM only provide a view on potential collision rates. To interpret whether additional mortality
due to collisions would have an adverse effect on animal populations requires identification of the
population affected by the collision mortality, and potentially a population analysis akin to that
encompassed within the ETPM model.

Population modelling requires a sound body of data — on the size and bounds of the population, age
structure, and breeding success. Such a body of information may not be readily available for many
sites and species except for well-researched locations or after intensive survey effort. For fish
species, ICES® data on fish populations used to inform the regulation of the fishing industry may be
helpful.

The Interim Population Consequences of Disturbance (PCoD) Framework ° has been developed
primarily to investigate population effects of exposure to noise on marine mammals, mainly from
piling activity as a result of offshore wind farm construction. However it also has the facility to
model the additional effects of animals being removed from the population as a result of collision. It
can accept as an input the predicted number of collision related mortalities from a given project.
One of the benefits of the PCoD model framework is that it makes it possible to incorporate many of
the uncertainties in the input parameters into the predictions of effect. This means that the interim
PCoD framework provides a range of plausible values (i.e. with confidence intervals) as opposed to a
single best estimate. In the context of collision assessment, the uncertainty which could be
incorporated includes: uncertainty about the size of the population in a particular management unit;
uncertainty about the size of any vulnerable sub-population; uncertainty in the number of animals
that will collide with a particular development; uncertainty about the probability of death following
a collision, and the effects of demographic stochasticity and environmental variation *°.

® International Council for the Exploration of the Seas http://www.ices.dk
® http://www.scotland.gov.uk/Topics/marine/science/MSInteractive/Themes/pcod
1% with thanks to David Thompson, Sea Mammal Research Unit, for the text of this paragraph
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SECTION 3: OBTAINING ANIMAL DENSITY FROM SURVEY DATA

3.1 Obtaining data on animal abundance

All three models require information on the number of animals present on the site — expressed in
the ERM and CRM models as areal density (animals m™ or animals km™) or in the ETPM model as the
number N in the population and the proportion P foraging on the site which is of area Ag. This
section outlines the main possible sources of information on animal abundance.

Detailed information on wildlife survey methodologies for marine sites can be found in the draft
‘Guidance on Survey and Monitoring in relation to Marine Renewables Deployments in Scotland’?,
prepared for SNH and Marine Scotland by Royal Haskoning (2014) with input from a number of other
environmental consultants.

There are three types of site characterisation survey which are most commonly used to obtain an
estimate of the abundance of marine wildlife activity in a tidal site:

(1) Survey from fixed vantage points on land,
(2) Boat-based survey, and
(3) Aerial survey.

Each of these is described in turn below. Different types of approach may be required for migratory
animals. Where possible, survey should aim to inform decisions on the siting of a development with
a view to minimising wildlife impacts.

Where local field survey information is not available for the development site, for example at an
early stage in planning a development, it may be helpful to make use of existing published sources of
animal abundance. Three important sources are:

(4) the Seal Usage Maps™, published by Marine Scotland,

(5) the SCANS — Il cetacean survey, conducted in 2005 across European Atlantic waters, and
(6) the European Seabirds at Sea database (JNCC 2009), and the Atlas of seabird distribution in
north-west European waters (Stone et al 1995) founded on that data.

There are other forms of site monitoring which may also contribute to estimates of abundance:
(7) telemetry studies and (8) passive acoustic monitoring studies. While neither can provide good
information on abundance on its own, these can add to an understanding of abundance when
combined with other forms of survey.

Finally, where site survey information is not available, it may be possible nonetheless to make an
estimate of animal abundance from knowledge of population numbers elsewhere and applying
informed estimates on the extent of sea occupied. This may be the only practicable approach for
many fish species which are not amenable to visual survey methods. An example of such an
estimate being made is included as subsection (9) below.

" http://www.snh.gov.uk/docs/B925810.pdf
12 http://www.gov.scot/Topics/marine/science/MSInteractive/Themes/seal-density
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(1) Survey from fixed vantage points on land™

This type of survey involves a count of animals seen in the area of interest, from one or more fixed
vantage points. Typically the survey involves making a visual transect through the site, using
binoculars or telescope, and counting and recording animals seen at the sea surface. The scanned
area may be divided into zones, so as to identify animal counts within different parts of the site.
Correction is required for declining detectability of animals with distance. It cannot usually be
assumed however that animal abundance should remain uniform with distance, as there is often an
ecological gradient from coast to sea.

In the SNH and MS draft guidance on marine surveying and monitoring, it is advised that the scan
across the sea area should be as quick as possible so as to capture a snapshot of the animals present
at one point in time, i.e. quick enough that animals cannot redistribute; however the scan rate
should be slow enough that the chance of overlooking an animal is minimised. These two
requirements may not always be compatible. For cetaceans, seals and basking shark there is a
strong likelihood that animals may not be counted because they remain underwater during the time
that a given area of sea is watched. To allow for this, this guidance includes a correction for ‘watch
time’ i.e. the period of time during which any one part of the sea surface is watched during the scan.
Watch time is used in conjunction with the knowledge of dive and surfacing patterns to estimate the
proportion of animals unrecorded because they are underwater during the time that its location is
scanned. If the scan is performed as a continuous slow sweep, provided that a consistent scan rate
is maintained across the whole vantage point scan, the watch time t,, may be calculated from the
rate of sweep and the field width of the binoculars/telescope:

Watch time (seconds) (t,) = Field width (degrees) / Scan rate (degrees per second) (21)

(2) Boat-based survey

Boat-based surveys are commonly used to provide data on abundance for diving birds and
cetaceans, and may also be used for seals. Observations are made from a boat following a sample
transect through the area of interest. An observer near the front records animals observed forward
of his/her position and within a prescribed range of observation to the side of the boat.

Observation protocols differ slightly as between these two species groups; for birds the method has
been standardised through the use of the European Seabirds at Sea protocol and is reviewed by
Camphuysen et al. (2004).

The method provides a count of animals visible within the transect strip. For unbiased results, it is
important that there is uniform effort coverage across the transect strip. Distance correction is
required, as visibility of animals in the further parts of the transect will be less than close to the boat.

3 Note that the vantage point watch methodology prescribed for use in gathering flight activity data at potential onshore
windfarm sites (SNH ) is not suitable for use in observing birds at sea or sea mammals. That technique involves scanning
the site to observe bird flight activity, and tracking and timing the duration of any flight. It is aimed at documenting the
activity of birds which spend a limited amount of time in flight and which are highly mobile.
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To allow for animals which remain underwater during the period of observation of any one area of
sea, a watch time should be estimated and used in conjunction with knowledge of dive and surfacing
patterns, as for survey from fixed vantage points, to correct for this. If animals are counted within a
fixed distance forward of the boat, then

Watch time (seconds) (t,) = Distance observed forward of boat (m) / speed of boat (ms™) (22)

(3) Digital aerial survey

Aerial survey involves flying over the site and taking high-quality digital aerial photographs or video

imagery from which the number of animals may be counted. This method gives a direct measure of
animal density on the sea surface. Distance correction is not necessary. Current techniques enable
distinguishing between birds in flight and birds on the sea, and have sufficient resolution to identify
a species group. Resolution to species level is often possible and is improving with improvements in
image analysis and analysis techniques.

Correction for animals underwater is required, using knowledge of diving and surfacing patterns for
each species. If digital still photography is used, the images are snapshots and watch time is
essentially zero. If video imagery is used, the watch time is the time taken to scan any one point on
the sea surface:

Watch time (seconds) = Transect length captured within image (m) / aircraft speed (ms™)  (23)
(4) Seal usage maps

These consist of two sets of maps, the first showing the areal density of grey seals and harbour seals
around the coast of Britain at a scale of 5km x 5km (Jones et al. 2015), and the second showing the
areal density of harbour seals around Orkney and the Pentland Firth at a finer scale of 0.6km x 0.6km
(Jones et al. 2016). Details of these are available from the Marine Scotland website'®. The 5km x
5km maps show densities both for seals at sea, and for seals in total, including those hauled out.

The 0.6km x 0.6km maps show the densities for harbour seals at-sea. For the purpose of assessing
collision risks with underwater turbines, the ‘at sea’ maps should be used.

The maps have been compiled by the Sea Mammal Research Unit on the basis of a range of different
surveys, utilising both telemetry and field counts, over the period 1988-2015. The at-sea usage
maps are produced by looking at movement patterns from electronically tagged seals. The resulting
patterns of usage are scaled to population levels using data collected in aerial survey counts at haul
out sites, to produce estimates of mean density.

The figures mapped are mean seal counts and provide lower and upper 95% confidence bounds.
The figures must be adjusted to get the areal density of seals in animals/km?. Animals underwater
are already included and the figures do not require further correction for watch time.

% http://www.gov.scot/Topics/marine/science/MSInteractive/Themes/seal-density
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The maps use aggregated data from surveys during the period 1988-2015. While the data is biased
to an extent towards more recent surveys — because of their greater number and accuracy — it does
not represent a ‘current position’. Seal species may be subject to population trends which are not
revealed in these seal usage maps.

(5) SCANS — Il Cetacean survey

This survey prepared a block-by-block estimate of small cetacean abundance in European Atlantic
waters, on the basis of a combination of boat-based and aerial surveys during 2005. The key species
reported on were harbour porpoise, white-beaked, bottlenose and common dolphin, and minke
whale. The figures provided are total abundance within each block, and thus must be divided by the
area of the block to get areal density in animals/km?”. The survey methodology already allows for the
proportion of animals underwater and watch time effects.

(6) European Seabirds at Sea database

Background data on the abundance of seabirds in European waters is available from the European
Seabirds at Sea database, hosted by the JINCC (JNCC, 2009) and presented within ‘An Atlas of seabird
distribution in north-west European waters’ (Stone et al. 1995). This is a survey on a broad scale -
the atlas presents information in approximately 30kmx30 km squares — so it is unlikely that the
spatial scale of this data will be adequate for use in project-level collision assessments. However it
may be useful at the scoping stage of any assessment, providing a helpful baseline prior to any
detailed survey of the project site, and it will serve as a useful context for interpretation of survey
results.

(7) Telemetry

Telemetry is increasingly used to study marine animal populations, by tagging animals and
transmitting information back on location, depths and a variety of other factors either when the
animal surfaces, or when the tag is later retrieved. Tagging studies can provide a view on the spatial
distribution of a population — including in the depth dimension — but they cannot on their own
provide information on abundance. Where such data can be combined with separate information
on population number — for example, from counts of seals at seal haul-outs — then it can provide a
view of both distribution and abundance.

(8) Passive Acoustic Monitoring

Passive acoustic monitoring — using underwater microphones to detect the echolocation sounds
emitted by cetaceans — can also be helpful. However, there are difficulties in distinguishing between
species, and not every animal is actively echolocating, so the data must be used in conjunction with
visual (eg boat transect) surveys to yield good information on abundance.

(9) Abundance estimates

For some animals, such as migratory fish species, and in certain locations it will be impossible to
undertake site characterisation surveys and there will be no data sources available. In these
situations, and when collision risk assessment is required, it may be possible to estimate the
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abundance by making a number of informed assumptions. For the MeyGen phase 1 Inner Sound
tidal array, for example, collision risk modelling was undertaken for Atlantic salmon (Xodus
Environment 2012). The assumptions made included numbers of returning adult Atlantic salmon
(making use of rod catch data and ICES population estimates), distribution across the width of the
Pentland Firth, and depth distribution. In such situations, and in order to agree any assumptions
made, it is recommended to engage in early dialogue with the Regulators and SNCBs.

3.2 Deriving animal density from survey data

The data acquired using any of the site characterisation survey methods requires some manipulation
in order to produce the best estimate of the total number of animals present on the sea or
underwater per unit area —the ‘areal density’ D,. Five stages of processing may be required, as
described below and summarised in Figure 7. The first three — distance correction, allocating
unidentified species, and adjusting for reduced night-time activity — lead to a refined estimate of Ds,
the mean animal density observed at the sea surface. While these three adjustments are described
here, they are not included in the calculations within the model spreadsheets. The spreadsheets
require Ds as a key input, following which the adjustments in the final two stages — correcting for the
proportion of animals underwater, and allowing for watch time — are included in the spreadsheets
and lead to an estimate of areal density D,, the mean animal density per square metre including
those underwater.

Raw survey data Ds mean animal density at surface

!

1. Distance correction

7 !

5. Allowing for watch time

v

D, mean animal density including

4. Correcting for proportion underwater

2. Allocating unidentified species

\k

3. Adjustment for nocturnal activity

those underwater

Figure 7: Stages in processing survey data

The process of correcting for the proportion underwater, and allowing for watch time, is often
termed ‘correcting for availability bias’ (i.e. an animal is only ‘available’ when it is observable within
the time it is being watched). Some surveys may also include distance correction within the scope of
correcting for availability bias. Care is therefore needed, when processing data from third party
surveys, to understand any availability corrections already applied to the data, so as not to duplicate
the corrections.

1. Distance correction
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Animals at a distance may not be observed because of poor visibility due to mist, precipitation or
wave or tide conditions. Distance correction aims to reverse such recording shortfalls by applying,
for each species, an appropriate distance-related multiplying factor. The assumption is made that
the actual density of animals is not dependent on distance, so that the animal density observed in
further-away segments should match that in close-by segments. DISTANCE software (see Buckland
et al. 2001) is often used to calculate the distance corrections required. More sophisticated analysis
may make use of the MRSea software package developed by Scott-Hayward et al. (2013) at CREEM.

In the context of surveying areas with potential for tidal turbines, care is needed to make this
underlying assumption only where it is unlikely that there will be spatial variation in habitats or tidal
conditions. In a survey from a vantage point, for example, it may be that the nearest segments
surveyed are coastal or shallow waters, while the furthest segments are deeper and strongly tidal.
In such a case it should not be assumed that animal densities for the near segments should match
those for further-away segments — the species mix may be very different.

However, when using boat-based survey at distances of 600m or more from shore on open coasts or
in wide channels, and where there is no evident cause for spatial variation in habitat, it may be
reasonable to assume that animal densities are uniform across the various distance bands, and that
any shortfall in observations is due to poorer visibility at distance.

2. Allocating unidentified species

There may be difficulty in identifying marine animals to species level. This is especially true in poor
weather or windy conditions when waves on the water may partially conceal animals, at the outer
reaches of a vantage point survey where distance makes identification difficult, and in aerial survey
when views of a bird from directly above are sometimes not adequate to identify it to species level.
However in many cases the observation may be confidently categorised in a species group.
Common species groups within which identification may be difficult are:

e harbour seal and grey seal

e dolphins and porpoise

e whales

e divers (red-throated, black-throated and great northern divers)
e cormorant and shag

o auks (guillemot, razorbill and puffin)

Sightings identified to species group but not to species level should be identified as such when
recording. Then these unidentified counts may be allocated to species in the same proportion as
those counts which are confidently identified to species level within the same survey. Thus, for
example, if 70% of identified seal counts were harbour seal, and 30% grey seal, then a count of 50
unidentified seals should be categorised as 35 harbour and 15 grey seal. Ideally the identified seal
counts used as the basis for such apportionment should be from the same survey area where the
unidentified seals were sighted, as the proportions of the two species are likely to vary with location
and according to habitat. If that is not possible, a second option is to choose areas as the basis for
apportionment which have similar habitat characteristics to where the non-identified seals were
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sighted. Source areas used for apportionment should not be so restricted that statistical variance
could dominate the apportionment.

3. Adjusting for reduced activity at night

For obvious reasons observations, for all three types of survey, do not cover night-time periods.
Information on night-time activity of many marine species is very limited. A precautionary approach
is recommended, by assuming, unless there is evidence to the contrary, that marine species are
equally active at night as by day. Cormorant and shag are exceptions: it is well documented (Birdlife
International 2014) that these species do not normally forage by night.

Each species may be given a ‘nocturnal activity factor’ K to multiply the density as surveyed in
daytime. K=1 for those species just as active by night as by day. K=0 for species like cormorant and
shag which do not forage by night.

The effect of this adjustment is stronger in winter (when night hours are long) than in summer
(when night hours are short). Therefore the adjustment has to take into account the daytime and
night-time hours in each month:

Average density Ds=2 (D;d;+KDin;) /2 (di+n;) (24)

where D; is the areal density in month i, and d; and n; are respectively the daylight and night-time
hours in month i (the denominator is simply the total time across all 12 months). Forsythe

et al. (1995) set out a convenient means of calculating daylight and night hours, given the latitude of
the site.

If required, the analysis could be made more sophisticated by identifying different nocturnal activity
factors for different seasons (e.g. for diving birds, the breeding and non-breeding seasons), but this
is not done here.

4. Correcting for proportion underwater or airborne

Both for marine mammals and diving birds, the true areal density of animals present D, is not simply
that recorded by a snapshot observation at the surface, because at any instant of time a proportion
of the species concerned will be underwater. The position is most marked for some whales, which
may have a mean dive time over twenty times their mean surfacing period. If observations were a
snapshot of the surface, the areal density thus observed would have to be multiplied by over twenty
to give the areal density of animals in the sea. If D, is the areal density of animals in the sea i.e. on
or below the surface, then the density of animals observed on the surface in a snapshot count is

Ds = D, x proportion of time visible at surface
or turning that around,
Da = Ds / proportion of time visible at surface

Let the frequency of dives by any one animal be F dives/unit time (this is the overall frequency, the
time spanning rest periods on the sea surface as well as the periods occupied by diving bouts); and
the mean duration of a dive be t,. Then the number of dives per animal in time t (per animal) is F t
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and their total duration F t t,. Hence the proportion of time spent underwater is F t; it follows that
the proportion of time at the surface (and therefore visible) is (1 - F t, ). Putting this in the above
equation gives

True areal density Do=Ds/ (1—Ft,) (25)
This is the correction required to take account of animals underwater for a snapshot count.

A similar correction is required for plunge-diving birds which spend a substantial proportion of time
airborne. If survey data represents the density of birds on the sea surface, then the true areal
density, including both airborne birds and those on the sea surface, is given by

Da =Ds/ (11— proportion of time airborne) (26)
Worked Example WE2 (Section 10) illustrates the use of this correction for gannet.

5. Correcting for watch time

If the observation of an area of sea is not just a snapshot, but takes a significant length of time, then
animals may appear during that watch period while others may dive. The adjustment made to allow
for the proportion of animals underwater depends on the watch time — the period for which an area
of sea is watched. Normal survey practice is to record any animal visible at any time during the
period that each area of sea is watched.

If the observation of the area of sea is a lengthy one — longer than the dive cycle of the animal
concerned — then each animal will eventually surface and be observed; no correction for animals
underwater will be required. In contrast, still digital aerial photography provides digital photographs
which are genuine snapshots, with an exposure time lasting a small fraction of a second: correcting
for animals underwater as in equation (25) is required. Video aerial photography is analogous to a
manual transect using binoculars — equation (28) below should be used, allowing for the watch time
t, which is the time for the video to progress over any single complete field of view.

Consider a complete dive cycle for an animal, consisting of t; seconds visible at the surface followed
by t, seconds underwater. The time during which the animal may be spotted at the surface is t + t,
i.e. not just the duration of the surfacing but allowing for the watch period t,, during which the
surfacing might commence. The full dive cycle lasts t, + t, seconds, so the proportion of time for
which the animal is observable is

which may be writtenas  (t;+t,—t,+t,)/(t+t,) or 1-F(t,—t,)
where Fis the overall dive frequency : F=1/(t;+t, ) (27)

This must be modified if the watch period is greater than the duration of a complete dive cycle: the
proportion of time must reach a maximum value of 1, as the animal will be seen surfacing at some
time during the watch period:

Proportion of time animal is visible= 1 —F * max (0, t, - t,, )
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ThusDy =Ds / [ 1-F*max(0,t,—t, ) ] (28)

For watch periods longer than the dive period, this reduces to D, = Ds, reflecting that there is no
need to adjust for animals underwater, as each animal will have surfaced and been counted during
the watch period.

If the watch period is very short (as in the snapshots taken by aerial photography), this reduces to
the expression for a snapshot, given in equation (25).

Table 4: Data processing stages required for different types of survey data

Survey type:
Vantage point Boat-based Digital aerial
1 | Distance correction Yes Yes No
2 | Allocation of unidentified species Yes Yes Yes
3 | Adjustment for nocturnal activity Yes Yes Yes
4 | Correcting for proportion Yes Yes Yes
underwater
5 | Allowing for watch time Yes Yes No — watch time
taken as zero
(snapshot)
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SECTION 4: DENSITY OF ANIMALS AT COLLISION RISK DEPTH

4.1 Calculating the volume density

In all three models, the collision rate is proportional to the volume density of animals in the water,
the number of animals per m?, and an animal is only considered to be at risk of collision if it is at
‘collision risk depth’, meaning at a depth between the lowermost and uppermost rotor blade tips.
The preceding sections of this guidance describe how from survey data one may derive the areal
density of animals D,, that is the number of animals within each square metre (or square kilometre)
of water, whether on the surface or below. Assume a proportion Quz swim at depths within the
collision risk depth range, a depth range of 2R in total if R is the radius of the rotor. Then the areal
density of animals swimming in this risk depth range is DAQuz: that means there are DoQ,z animals in
a column of water 1m?” base and 2R high (see Figure 8). The mean density (by volume) within that
risk range water column is then the number of animals D,Q,r divided by the volume of the water
column at risk range, 2R m>. Thatis,

D = DAQZR/ ZR (29)

D is the true animal density, i.e. animals per m?

Da is the animal density measured in area terms, i.e. animals/m”at any depth

Qg is the proportion of animals within the range of depths at risk of collision, from the
greatest to the least depth of a rotor, i.e. twice the rotor radius

R is the rotor radius

Different turbines may occupy different depth ranges and hence Q5 is dependent on the turbine
and its diameter. The following section discusses how Qa3 is estimated for different species.

Da and Qi are the parameters used in the ERM and CRM models as described in this guidance. As
noted above, the ETPM does not refer to animal density but to the number of animals N in the
target population, the proportion P foraging on the development site, and the area of the
development site Aie; thus D, is equivalent to NP/A .. The ETPM expresses the proportion at risk
depth in terms of the time H each animal spends at risk depth; this must be multiplied by the dive
frequency F to get the proportion of time at risk Qur , as described below.

> the ETPM does not use density as a parameter but refers to the animal population N using a given site area
Ao, SO the effect is the same; and expresses the proportion at risk in terms of H, the time an animal spends at
collision risk depth, rather than Qug.
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D, animals per m’
swimming at any depth
—
min risk depth
Da Qug animals per m’
swimming at risk depth
2R

Density D animals per m’
= D\Qu /2R max risk depth

1m?’

Figure 8: Calculating volume density D

4.2 Estimating the proportion of animals at risk depth

Animals are only at risk while at depths between the top and bottom of the rotors. Qug, the
proportion of time an animal spends at collision risk depth, is therefore a key factor in all models,
enabling determination of the animal density at rotor depths through equation (29). In all three
models, it is necessary to use information about the animal depth distribution, in order to estimate
the proportion of time they swim at collision risk depths. Qur is entirely dependent on animal
behaviour — a shallow-diving species may not dive deeply enough into the water to reach collision
risk depth, while a deep-diving species may spend a majority of its time foraging at the sea bed.

In the ETPM model, as developed by Grant, Tinder & Harding (2014) for diving birds, Q. does not
appear explicitly as a factor, but the exposure time T, calculated through equation (18), includes the
product F H, that is to say Qu is contained within the equation for T.

43 Use of data on proportion of time at different depths

For some marine animals (harbour porpoise, harbour seal, grey seal, Atlantic salmon), swimming and
diving behaviour has been sufficiently studied that data is available on the proportion of time
typically spent at different depths. Only in a few cases, however, have such data been collected in a
tidal stream environment, so caution must be exercised when assuming the applicability of such
data to such environments.

31



The proportion of time spent at different depths varies with the depth of the water, as much of the
foraging by some species is at or close to the sea bed, though some may be in mid-water column.
Depth data is presented in Section 8 for the above four species, and it is strongly recommended that
this be used where appropriate. The spreadsheet accompanying this guidance uses this data. Qg is
calculated either by adding the proportions in each band within the collision risk depth range, or, if
the data is expressed on a cumulative basis, by subtracting the proportion swimming above
minimum depth from the proportion swimming above maximum depth.

4.4 Use of dive behaviour models

For many diving species, information on the proportion of time at different depths is simply not
available. However, the proportions may usually be estimated using one or other model of dive
behaviour.

Uniform distribution

The simplest model is to assume that the distribution of animals is uniform over the entire depth
range between seabed and surface. In this case the proportion of time at risk depth is simply that
proportion of water depth occupied by the diameter of the rotor:

Qur = 2R / water depth (30)

where 2R is the range of collision risk depths, twice the radius R. This is a ‘default’ model,
recommended for use for basking shark for which detailed information on swim depth is not
available, but where it is known that they make use of the full water column. For other species for
which information is not available on their typical depth distribution, a precautionary approach may
be to assume a uniform distribution throughout the channel depth.

Deep diving, shallow diving and plunge diving:

Alternatively, if information is available on the speed of diving (while descending and ascending), Qux
may be calculated by calculating the time during each dive the animal is at risk while swimming
down and back up through the range of risk depths, and multiplying by the frequency of dives:

Qur = overall dive frequency (F) x mean time per dive at collision risk depth (H) (32)

The following two sections describe respectively how the overall dive frequency F, and the mean
time per dive at collision risk depth H, may be estimated. Note that neither of these parameters is
required if data are available directly on the proportion of time at different depths, as described in
section 4.3.

4.5 Overall dive frequency
A number of methods may be used to estimate overall dive frequency:

(a) For marine animals, if information is available on dive cycles and surfacing times, then the
overall dive frequency may be calculated as
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F=1/ (t,+t) (32)

where t, is the mean dive time spent underwater, and t; the mean time at the sea surface. Itis
important that these are means across all times, and are not just calculated from bouts of
foraging activity.

(b) For diving birds, if information is available about diving behaviour while foraging, the overall
dive frequency may be calculated as

F = dive frequency while foraging F, x proportion of time on site spent foraging P, (33)

Diving birds spend time on the sea surface resting and digesting, then have bouts of foraging in
which a series of dives are interspersed with a short rest period, e.g. to allow for re-
oxygenation. These diving bouts are well studied and thus data tends to be available on the
dive frequency while in foraging mode (F,) and on the duration of dives (t,). Also required,
though harder to find, is the proportion of time a bird spends foraging (P,). Only the time the
bird is at sea is counted: time away from the site should be excluded. The product F,P, is then
the overall dive frequency. This is the ‘Method 1’ option in the spreadsheet.

(c) Alternatively for diving birds, overall dive frequency may be calculated on the basis of the
estimated number of foraging trips in the period for the species (G)*°, and the mean number of
dives made per foraging trip (U):

F=GU/t = no of foraging trips in period x
no of dives per foraging trip / duration of period (34a)

This is the ‘Method 2’ option in the spreadsheet.

For the EPTM model, Grant et al. (2014) extend this to the situation where only a proportion P
of foraging trips made by each bird in the population are to the development site ; in this case
the equation becomes F=GUP/t. Note that this gives the overall dive frequency within the
development site for each bird from the population under assessment; it is the fraction P times
the overall dive frequency for each bird on site, and takes account of the fact that foraging trips
may be made to areas of sea within the bird’s foraging range other than the development site.

These formulae are most appropriate during the breeding season when foraging trips are
between sea and breeding colonies. Outwith the breeding season, birds may remain at sea
rather than return to their breeding colonies. In this case the calculation of overall dive
frequency for an individual bird may be modified to:

F = GI Ul Pl/t (34b)

where G’ is the number of days in period, U’ the mean number of dives per day, and P’ the
mean proportion of birds from the colony population within the development site at any time.
(A conservative assumption might be that all birds from the colony forage in the development
site; and that birds from the colony are at sea for virtually 100% of the time; in such a case
P’=1.)

'8 G is used here rather than F as used in Grant et al. (2014), to avoid confusion with the dive frequency F used here
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In the accompanying spreadsheet, worksheet ‘Density (marine animals)’ enables the first of these

three methods to be used, while the worksheet ‘Density (birds)’ enables either of the last two

methods to be used. Figure 9 summarises the options available for estimating dive frequency:

(a)

(b)

breeding season

(c)

non-breeding season

t, = mean time
underwater per dive

v

F, = frequency of dives
while foraging

G = no of foraging trips
in period

G’ =no of days in
period

\Z

i

v

t, = mean time at
surface between

P, = proportion of time
spent foraging

P = proportion of trips
which are made to

P’ = proportion of birds
from colony within

dives

development site development site

l Y Y

U = no of dives per U’ = no of dives per day
foraging trip

v i

F=GPU/t F=G'P’U [t

F=1/(tu +ts) F=F2PZ

Figure 9: Options for estimating

overall dive frequency

4.6 Mean time per dive at collision risk depth

The assumption made here is that the proportion of time spent within the range of collision risk
depths depends on the vertical swim speed of the animal. Three models are suggested:

. deep diving — this model assumes that animals dive in order to forage at the sea bed (i.e.
below collision risk depth); thus the ‘at risk’ times are only while passing through the risk
depth range during descent and ascent, and depend on the descent and ascent swim speeds

Ugand u,. The ‘at risk’ time during each dive is

H = 2R/uq + 2R/u, (35)

and from equation (31) Qpr=FH where F is the dive frequency.

This model is suited to deep diving bird species like shag, cormorant, and black guillemot. A
simple mean of ascent/descent swim speeds u may be used, rather than separate descent and
ascent speeds, so that H = 4R/u.

. shallow diving - this model is appropriate for animals which dive in order to forage within the
range of collision risk depth. During a dive, such an animal is not at risk only for the time it
takes to descend to, and ascend from, the level of the upper limit of the rotor blades h,,. A
simple mean of ascent/descent swim speeds u may be used, rather than separate descent and
ascent speeds.
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at risk time is H=t, —2*h,/u (36)
where t,is the dive duration
and  hy,is the upper limit of the risk range, i.e the minimum rotor depth

As before Qup=FH where F is the dive frequency.
This model is best suited to shallow diving species like eider, red-throated diver and razorbill.

. plunge diving — this model is appropriate for birds which plunge from the air to catch prey
then swim to the surface. This is similar to shallow diving except the descent uses a plunge
speed Uyynge for the descent and a swim speed u for the ascent:

at risk timeis H=1t, —hy, / Upiunge —hyp / U (37)

where t, is the dive duration
and hyp is the upper limit of the risk range, i.e the minimum rotor depth

As before Quz = FH where F is the dive frequency
This model has been applied to gannet in Worked Example 2 (Section 10).

Together with the ‘uniform distribution” modelling summarised in equation (30), these three
approaches represent generic dive behaviours which may be used as appropriate to calculate Q for
different species groups. The four dive behaviour models are programmed in to the spreadsheet,
used by entering the ‘depth distribution type’ as ‘uniform’ (not available for birds), ‘shallow-diving’,
deep-diving’ or ‘plunge-diving’ (not available for marine animals).

Where the data is available, though, it is preferable to use a species-specific depth distribution to
enable calculation of Quz. The spreadsheet currently contains four such distributions, initiated by
setting the ‘depth distribution type’ to ‘harbour porpoise’, ’ harbour seal’, ‘grey seal’ or ‘Atlantic
salmon’.

It is recommended that the dive behaviour models to be used in assessing collision risks should be
agreed with the Regulator and SNCBs prior to undertaking the assessment.
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SECTION 5: GUIDANCE ON USING SPREADSHEETS
5.1 Introduction to the ERM/CRM/ETPM spreadsheet

To help in making use of the three models, the required calculations are set up within the
accompanying Excel spreadsheet. Within the spreadsheet, there are seven worksheets.

The first five worksheets are set out so that if the user feeds in the required input data (colour-coded
blue and green), the calculated results are then shown (colour-coded orange). For each of the
parameters listed in column A, help on that parameter is available by clicking on column B, in the
cells with red triangles at upper right. The symbol for the parameter as used in the guidance is listed
in column C, and the units used in column D. The values of the parameters are then input in column
E, or in later columns where the parameter differs according to species. For calculated fields,
column F shows the formula underlying the calculation. These formulae use the same symbols as in
the text, and are designed to show which part of the ‘master’ equations are being calculated in each
row.

The first two worksheets make an estimate of the animal density (diving birds and marine animals
respectively) at risk depth from survey observations of animals observed at the sea surface. These
two worksheets have a similar structure, but there are differences in the way that allowance is made
for time underwater (when animals are not visible), making it easier to use one worksheet for diving
birds, and the other for marine mammals and fish. The latter worksheet, for certain species, draws
upon data on depth distributions set out in the final worksheet ‘Swim depths’.

The third, fourth and fifth worksheets perform the necessary calculations for the ERM, CRM and
ETPM models respectively. The sixth worksheet — ‘Avoidance’ shows the results of applying various
assumed avoidance rates to the ERM and CRM predictions.

To use the ERM, start with the Density worksheet for Diving birds or Marine animals, as appropriate.
When the required data has been input to the Density sheet, copy the concluding figures for ‘Density
at risk depth’ into the ERM worksheet at row 21 (colour coded yellow). Now enter the remaining
data required in the blue fields of the ERM worksheet. The final line will then give the ‘encounter
rate per period’ which is the number of encounters (collisions) expected in the selected period (1
year), before any account is taken of avoidance.

To use the CRM, start with the Density worksheet for Birds or Marine animals, as for the ERM.

When the required data has been input to the Density sheet, copy the concluding figures for ‘Density
at risk depth’ into the CRM worksheet at row 35 (colour coded yellow). Enter the remaining data
required in the blue fields of the CRM worksheet. The ‘collision probability for single transit’ line
gives the mean risk of collision for each animal making a transit through the rotor. ‘No of rotor
transits in period’ gives the number of animals expected to transit through the rotor(s) in the
selected period (1 year). The final line ‘collisions in period before avoidance’ gives the expected
number of collisions in the period, before any account is taken of avoidance.

To use the ETPM, you don’t need the calculation of density at risk depth. However you do need the

calculation of the parameter Quz which is the product of dive frequency F = GU/t and the mean time
at risk depth during a dive H. Use the appropriate Density sheet as before, though the bird densities
input in row 4 or 5 are not relevant and may be set to zero; the watch time too is not relevant and
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may be set to zero. Once all the remaining input data has been entered, copy the values of Q,; (= F x
H) into row 25 of the ETPM worksheet. Also copy in the rotor diameter, from the Density worksheet
used. Now complete entry of data in the ETPM worksheet. The worksheet will now give the total
annual exposure time T per bird in the target population.

Calculation of the critical added mortality n will require a separate calculation using population
modelling techniques, outwith the scope of this guidance. Once the critical added mortality n is
entered, the worksheet computes the critical collision rate a which would have to be attained for
each bird in the target population if this critical level of added mortality were to be reached.

The remainder of this chapter describes the first five worksheets in detail. For each, following an
overview of the calculation sequence, a table is provided giving detailed guidance for each field.
The notes in these tables expand on the help text available within the spreadsheet by clicking on the

cells with the red triangles at upper right.
5.2 Colour coding

The cells in the spreadsheet have been colour coded to make it easy to see which cells are user
input, and which cells are fields calculated by the spreadsheet.

Blue fields are user input about the turbines. These will need review
whenever the calculation is applied eg to a different turbine or location.

Green fields are user input about the animals. These will need review
whenever information about the animal or its abundance is changed.

Pale orange fields are calculated by the spreadsheet, these are intermediate
workings.

Darker orange fields are final results, also calculated by the spreadsheet.

Yellow fields are data values copied from one of the Density sheets to the
CRM, ERM, or ETPM sheets

5.3 Spreadsheet protection

The spreadsheet is distributed in ‘Protected’ mode, configured in such a way that while you can see
and access all cells, you can only alter those cells which have been ‘unlocked’. The blue and green
cells which include the user input to the spreadsheet are unlocked. However all the calculated fields
(orange shading) are locked and you cannot alter those cells. This is to avoid inadvertent change to
any of the calculation formulae in the spreadsheet.

However this protection is not controlled by password. To unlock the sheet, click on the ‘Review’
tab and click on ‘Unprotect sheet’. Then all cells can be accessed and modified. After modification,
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it is recommended that the sheet is again protected — click on the ‘Review’ tab again and click on
‘Protect sheet’. This will again prevent inadvertent access to those cells formatted as locked. When
protecting in this way, ensure that both the ‘select locked cells’ and ‘select unlocked cells’ options
are ticked; that allows you to move to any cell and see the formula stored there, even if the cell is
locked and therefore cannot be changed .

Best practice is to keep a copy of the spreadsheet protected and as distributed, ie with no changes.
When using the spreadsheet, open this then immediately save this new copy with a new convenient
name. Then any alterations you make to this copy will not affect your stored original.

5.4 Spreadsheet extension

The ERM/CRM spreadsheets are provided with columns for a number of species. However all the
columns (except the first) may be deleted, and new species columns may be created by copying the
leftmost species column - marked on the sheet by a black border. Do not delete this column — keep
this safe as the source of formulae to be copied to any new column —though any user input may be
changed. The formulae are expressed in such a way that the new species column should be properly
calculated and referenced. Nonetheless a wise precaution, with a new column, is at first to enter
input data identical to an existing column, and check that the calculated results in that column
(orange shaded) match those in the existing column.

The ETPM spreadsheet is provided with columns for each month. In a similar way, this can be
tailored by deleting or copying columns (but always leave the master column) to refer to different
periods.

5.5 Density (birds) worksheet
Full title: ‘Diving birds - Density at risk depth’

The first stage of the calculation begins with the mean observed density of diving birds at the sea
surface Ds, after correcting for distance, allocating any unidentified species, and adjusting for
differing levels of activity at night-time. It uses information on dive times and dive frequency and
watch time to estimate the proportion of time birds are visible at the surface, and hence calculates
an adjusted areal at sea density D, which includes all birds, whether on or below the surface. Two
options are provided for calculating the overall dive frequency: method 1 multiplies the proportion
of time foraging by the frequency of dives while a bird is foraging, while method 2 multiplies the
number of foraging trips per day by the number of dives per foraging trip.

This first stage implements the corrections for the proportion underwater, and for watch time,
described in Section 3.2 (4) and (5). Note that if diving bird density data is already adjusted for the
proportion underwater and watch time, this section of the calculation should be bypassed by
entering values for D, directly in the ‘Adjusted at sea density’ row; this will entail overwriting the
formulae in these cells with the D, data.
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Using information on the rotor diameter and minimum depth, and on the vertical swim speed of the
diving bird, the worksheet then calculates the proportion of birds at risk depth Q,; (defined as being
between the minimum and maximum depths of the rotor tips). As there are no species-specific
depth distributions available in the spreadsheet for diving birds, this requires assumptions to be
made on whether the bird is shallow-diving (diving to depths less than the maximum depth of the
rotor), deep-diving (diving deeper than the maximum depth), or plunge-diving (diving fast
downwards from the air, and swimming more slowly to the surface).

Finally, knowing the proportion of birds at risk depth, the worksheet calculates the mean density of
birds D within this risk zone.

Table 5 offers detailed field-by-field guidance on the parameters required as input to this worksheet
(shaded blue), and the parameters then calculated by the worksheet (shaded orange).

Table 5: Detailed guidance for Density (birds) worksheet

Species
species name For information only, identifying the species subject to assessment
observed density (per mz) Ds This is a key parameter, derived from survey data. It is the mean number

of animals, per mz, occupying the site as observed on the sea surface.
Survey data often expresses results in animals per kmz, and thus has to be
divided by 1,000,000 for entry to the calculations here as animals m?2

For non-surfacing animals like fish the ‘observed density’ is just the best
estimate of the number of animals per m? of sea

Proportion of animals visible at surface

Choose Method 1 or Method 2. Method 1 multiplies the proportion of time
spent foraging by the dive frequency while foraging. Method 2 multiplies
the frequency of foraging trips by the number of dives per foraging trip.

choose method for
calculating overall dive
frequency

[ Method 1 only. See the note on dive frequency. This is the fraction of the
time which a diving bird at sea spends in foraging behaviour - foraging
behaviour includes dives and short pauses between dives for rest and
reoxygenation.

proportion of time foraging

F, Method 1 only. This is the number of dives in unit time while a diving bird is

dive frequency when - . ) -
undertaking a series of dive cycles. Usually expressed in dives/hour but

foraging

divided by 3600 for this spreadsheet to get dives/sec (a small number!)
number of foraging trips per G Method 2 only. This is the number of foraging trips per day made to the
day development site.
number of dives per foraging | U Method 2 only. The number of dives in a single foraging trip.
trip
overall dive frequency F Method 1 selected: F=F,P,.
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Method 2 selected: F=GU/number of seconds in a day

For some species data on overall dive frequency may be found from
research literature directly in which case the formula for F may be
overwritten with the data directly.

mean underwater duration ty The mean underwater duration of a dive, in seconds.

of dive

watch period tw In the wildlife survey from which the observed density Ds was obtained, the
period during which any one area of water is viewed while scanning the site.

proportion visible at surface This is a calculated field. See the note on dive frequency. Ft, is the overall
dive frequency F multiplied by the mean duration of a dive t,, so Ft, is the
proportion of time spent underwater. The proportion of time at the surface
is thus 1-Ft,. This is then adjusted to account for watch time:
proportion visible at surface = 1-F¥*max(0,t,-t,,)

adjusted at sea density (per Da This is a calculated field. It divides the animal density observed at the

mz) surface by the proportion estimated to be visible at the surface, to get the
areal density including animals underwater at any one time.

Risk depth

rotor diameter

2R

The rotor diameter (twice the radius) in metres.

minimum depth

This is the depth (m) of the rotor tips when at their closest to the surface.

Proportion of diving animals at risk depth

vertical swim speed

This is the mean rate (m/sec) at which the animal descends or ascends
through the water column. Used in calculating the time exposed to risk
from rotors.

plunge speed

Only required for a plunge diving bird, in which case this is the average
downwards speed (m/sec) while in the water during the plunge. This field is
ignored for shallow or deep dive birds.

depth distribution type

Choose ‘shallow-diving’, ‘deep-diving’ or ‘plunge-diving’.

'Shallow-diving' birds are those whose typical dive depth is less than the
maximum rotor depth. 'Deep-diving’ birds are those which typically dive to
depths beyond the maximum rotor depth. 'Plunge-diving' birds dive from
the air, thus making a rapid descent through the water and a slower swum
ascent. A 'vertical swim speed' must be entered for all three types, but only
the 'plunge’ diving birds need a plunge speed.

time per dive at risk depth

This is a calculated field. Three different formulae are used. For shallow
diving animals, and plunge diving birds, all dive time is at risk except for the
time taken to swim down and back up from the maximum rotor height. For
a deep diving animal, only the time while swimming down and back up
through the depths occupied by the rotor is at risk.

proportion at risk depth

This is a calculated field. This is the proportion of time an animal is at risk
depth, ie between the upper and lower limits of the rotor.

For diving birds, the dive frequency is multiplied by the time per dive at risk
depth, to get the proportion of time that the bird spends at risk depths.
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Density at risk depth

density at risk depth (per m3) D This is a calculated field. It multiplies the areal density by the proportion
at risk depth, then divides by the rotor diameter to get a true density in
animals m™

5.6 Density (marine animals) worksheet
Full title: ‘Marine animals — density at risk depth’

The calculation begins with the mean observed density of marine animals at the sea surface Ds,
after correcting for distance, allocating any unidentified species, and adjusting for differing levels of
activity at night-time.

Animals are classed as ‘diving’ or ‘non-diving’. For diving animals, the spreadsheet uses information
on dive times and dive frequency to estimate the proportion of time animals are visible at the
surface, and hence calculates an adjusted areal at sea density D, which includes all animals, whether
on or below the surface. For non-diving animals, this adjustment is bypassed. Note that if the data
to hand on animal density is already corrected for the proportion of animals underwater, then this
section of the calculation should be bypassed by entering ‘no’ in the cell ‘correct for proportion
underwater?’

Using information on the rotor diameter and minimum depth, and on the vertical swim speed of the
animal, the spreadsheet then calculates the proportion of animals at risk depth Q,; (defined as being
between the minimum and maximum depths of the rotor tips). This requires assumptions to be
made on the depth distribution of the animal. Seven options are currently included, of which the
first four are based on species-specific data on the proportion of time at different depths (see
Sections 4.3 and 8), while the last three are generic, based on assumed models of diving behaviour.
— see Sections 4.4-4.6:

Generic:

uniform — assumes that animals are uniformly distributed between sea bottom and surface.
The proportion at risk is the rotor diameter as a proportion of the sea depth

shallow-diving — assumes that animals dive, but not beyond the maximum rotor depth.
During a dive, the only time not at risk is the time taken to swim down to minimum rotor
depth, and back up again.

deep-diving — assumes that animals dive beyond maximum rotor depth. The time at risk is
the time taken to pass the rotor diameter, both in descent and ascent.

Species specific:

harbour porpoise — based on a study in the Sound of Sleat, Skye, using passive acoustic

monitoring (see Section 8)

41



harbour seal — based on a study in the Inner Sound, Pentland Firth (see Section 8)
grey seal — based on a study in the Pentland Firth (see Section 8)

atlantic salmon — based on a study of tagged salmon on the north coast of Scotland (see
Section 8).

Finally, knowing the proportion of marine animals at risk depth, the spreadsheet calculates the mean
density of animals D within this risk zone.

Table 6 offers detailed field-by-field guidance on the parameters required as input to this worksheet
(shaded blue and green), and the parameters then calculated by the worksheet (shaded orange).

Table 6: Detailed guidance for Density (marine animals) worksheet

Species

species name For information only, identifying the species subject to assessment

observed density (per mz) Ds This is a key parameter, derived from survey data. It is the mean number
of animals, per m?, occupying the site as observed on the sea surface.
Survey data often expresses results in animals per kmz, and thus has to be
divided by 1,000,000 for entry to the calculations here as animals m>.
For non-surfacing animals like fish the ‘observed density’ is just the best
estimate of the number of animals per m? of sea

correct for proportion yes/no. If ‘yes’ then the following routine, using information about dive

underwater? and resting duration and watch time, adjusts the density figure to allow
for animals underwater, ie corrects for this form of availability bias. Enter
‘no’ for non-diving species. For fish, or whenever the observed density Dg
is estimated other than by observation at the sea surface, use ‘non-diving’
(notwithstanding that such species may sometimes have a diving habit).

Proportion of animals visible at surface

mean underwater duration t, The mean underwater duration of a dive, in seconds.

of dive

mean surface time ts When surfacing, the mean time the animal is visible at the surface
overall dive frequency F Information on dive cycles for seals and cetaceans is generally available.

The overall frequency of dives is calculated as 1/(t, + t; ), the reciprocal of
the total time for one dive cycle.

For some species data on overall dive frequency may be found from
research literature directly in which case the formula for F may be
overwritten with the data directly.

watch period tw In the wildlife survey from which the observed density Ds was obtained, the
period during which any one area of water is viewed while scanning the site.

proportion visible at surface This is a calculated field. See the note on overall dive frequency in Section
4.3. Ft,is the overall dive frequency F multiplied by the mean duration of a
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dive t,, so Ft, is the proportion of time spent underwater. The proportion
of time at the surface is thus 1-Ft,. This is then adjusted to account for
watch time:

proportion visible at surface = 1-F¥*max(0,t,-t,,)

adjusted at sea density (per Da This is a calculated field. If the ‘diving’ option is chosen, it divides the

mz) animal density observed at the surface by the proportion estimated to be
visible at the surface, to get the areal density including animals underwater
at any one time.
If the ‘non-diving’ option is chosen, no adjustment is made, ie D, is set equal
to Ds

Risk depth
rotor diameter 2R The rotor diameter (twice the radius) in metres.

minimum depth

This is the depth (m) of the rotor tips when at their closest to the surface.

channel depth

The mean depth of the channel in metres. Used to calculate the
proportion of time at risk, for species with an assumed uniform distribution
throughout the water column.

Proportion of diving animals at risk depth

depth distribution type

Choose ‘uniform’, ‘shallow-diving’, deep-diving’, ‘harbour porpoise’,
"harbour seal’, ‘grey seal’, or ‘Atlantic salmon’.

The calculation of Qg is done in different ways for different species (see
Section 4.4). For harbour porpoise, harbour seal, grey seal and Atlantic
salmon, depth distributions from research studies are used. For whales and
most fish, unless species-specific data are available, it is safest to assume a
uniform depth distribution.

vertical swim speed

This is the mean rate (m/sec) at which the animal descends or ascends
through the water column. Used in calculating the time exposed to risk
from rotors.

time per dive at risk depth

This is a calculated field. Two different formulae are used. For shallow
diving animals, all dive time is at risk except for the time taken to swim
down and back up from the maximum rotor height. For a deep diving
animal, only the time while swimming down and back up through the
depths occupied by the rotor is at risk. Where depth distributions are
calculated directly (as for uniform depth distribution) H is not required and
is not shown.

proportion at risk depth

This is a calculated field. This is the proportion of time an animal is at risk
depth, ie between the upper and lower limits of the rotor.

For marine animals, the formulae used to calculate this are based on models
specific to each species, and are calculated using the Visual Basic function
‘Q2R’. The function takes the following parameters:

depth distribution type
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vertical swim speed (only if shallow- or deep-diving options used)
mean underwater duration of dive

overall dive frequency

minimum depth

rotor diameter

channel depth

Density at risk depth

density at risk depth (per m3) D This is a calculated field. It multiplies the areal density by the proportion
at risk depth Qug , then divides by the rotor diameter to get a true density
in animals m’

5.7: ERM Worksheet

Full title ‘Encounter Rate Model’

This worksheet calculates the encounter rate (ie the collision rate before taking account of
avoidance) for a single period, using the ERM model. It evaluates the encounter rate using
equation (5) (Section 2.1).

Rotor diameter and values of D, the animal density by volume at risk depth must be copied in from
the appropriate ‘Density’ worksheet (birds or marine animals). A range of other parameters
describing the rotor are also required.

Table 7 offers detailed field-by-field guidance on the parameters required as input to this worksheet
(shaded blue and green), and the parameters then calculated by the worksheet (shaded orange).

One parameter which needs explanation is the mean rotation speed of the rotors when operational
— this parameter is required in both the ERM and CRM models. The rotation speed is entered by the
user in rpm (revolutions per minute), and the spreadsheet converts this to radians per second by
multiplying by 21t/60. In calculating a mean rotation speed, exclude periods when the turbine is not
operational because of too weak or over-strong currents, or down-time for maintenance or repair.
Use a current frequency histogram for the location showing the proportion of time at each current
speed within the tidal cycle — ideally taken over a full year to allow for variations in the tidal cycle.
Also required is a turbine performance graph showing expected rotor speed against current speed.
The mean rotation speed is the average of rotor rotation speed, weighted by current frequency:

cut-out cut-out
mean rotation speed Q = 3 Q(v.) f(v.) /2 (f(ve) (38)
cut-in cut-in

where Q(v.) is the rotor rotation speed at current speed v, and f(v.) is the proportion of time during
which the current speed isv.. If this weighted average is calculated as indicated between cut-in
and cut-out rotor speeds, then it is a mean rotor speed while the turbine is operational. Allowance
is made later for the proportion of time the turbine is not operational because the current speed is
too high or too low, or because of the need for maintenance or repair.
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If a graph or histogram of current frequencies is not available, then the average of the rotation

speed just above cut-in current speed, and the maximum rotation speed, may be used as an

approximation.

Table 7: Detailed user guidance for ERM worksheet

Period data

time in period

The spreadsheet is set up to calculate the number of collisions, assuming
no avoidance, in a single period. Usually encounter rates are expressed
for a full year, but sometimes there may be a need to calculate rates for
one or more months, or for example for a period such as the breeding
season.

Choose the units (‘years’, ‘months’ or ‘weeks’) and then the number as
appropriate. The spreadsheet will then calculate the period in seconds,
and display this in the next row. 1 year = 3.1536E+7 seconds.

time in period (seconds)

A calculated field, converting time to seconds (assumes a 365 day year)

Rotor data

number of rotors

The number of rotors in the tidal array. Note that the assumption in the
spreadsheet is that risks for all turbines are additive, that is that B rotors
present B times the risk from a single rotor.

rotor diameter

2R

The rotor diameter. This field should be copied (by value) from the
appropriate Density worksheet.

rotor radius

This is a calculated field, half the rotor diameter.

number of blades

Needs no comment - usually 2 or 3 but occasionally 4

rotor width front to back

This is the width of the rotor as measured from the front face to the back —
(see Figure 2 p4)

rotation speed

The mean rotation speed of the rotors when operational, in rpm
(revolutions per minute). The spreadsheet converts this to radians per
second by multiplying by 2r/60. Exclude periods when the turbine is non-
operational because of too weak or over-strong currents, or down-time for
maintenance or repair. See guidance text above for calculation of a mean
rotation speed using information on tidal current frequency and a rotor
performance graph.

mean tangential blade speed

This is a calculated field. Mean tangential blade speed is a mean across
blade length, ie the blade speed in m/sec at the mid-point of the blade,
relative to the hub..

% time not operational

nop

This allows for the proportion of time when the turbine is not operational
because the current speed is below the cut-in speed for the turbine or
above the cut-out speed when the current speed is excessive. Allowance
may also be included for downtime for maintenance and repair.

45




Current data

mean current Speed

Ve

This is the tidal current speed (in m s’l) at the turbine site, averaged over
the time during which the turbine is in operation, ie excluding slack tides
or excessive tides when the turbine may be closed down. When
averaging, both ebb and flow tides should be given the same sign
(otherwise the tidal flow will average to near-zero).

mean blade speed relative to
water

This is a calculated field, combining the mean tangential blade speed v,
with the mean current speed v, which is parallel to the rotor axis.

Animal data

species

Species names to identify each column, copied over from the relevant
Density worksheet

animal density at risk depth

This is as calculated in the final row of the relevant Density worksheet.
Copy over (by value). (If the selection of species is final, then you may
prefer to set up a dynamic link, so that any changes in the Density
calculations will automatically update these fields in the CRM
spreadsheet.)

marine animal or diving bird?

Dependent on the type of animal, the spreadsheet uses different
combinations of length, width, and approach speed.

animal length

Marine animals: Total length of animal (m) from tip to tail. (For fish a ‘fork
length’ is often used as a measure, but for the purpose of this collision
model total length is required. See section 8.1.

Diving birds: Length of bird (m) from beak to tip of tail. See section 8.2.
BTO Bird Facts also provides standard information.

bodywidth / wingspan

Marine animals: Body width of animal. Body width is usually around % of
the body length. See section 8.1.

Diving birds: Wingspan of bird from wingtip to wingtip (m). See section
8.2. BTO Bird Facts also offers standard information.

swim speed

Uo

Only required for marine animals. This is the normal swim speed of the
animal. In the ERM, this parameter is combined with the current speed to
get the relative approach speed between rotor and animal, except for
diving birds where the vertical swim speed is used.

vertical swim speed

This is the rate (m/sec) at which the animal descends or ascends through
the water column. Copy the same value as used in the relevant Density
worksheet.

shape factor

This determines the 'effective radius' of the animal - the separation from a
blade required in order to clear a moving blade, taking account of all
possible orientations of the animal. Sea mammal and fish-shaped animals
have a shape factor of 0.5, ie the average clearance r required is 0.5 L/2
i.e. a quarter of their body length. Foot-propelled birds have a shape
factor of 0.5 and wing-propelled birds a shape factor of 0.8.

ERM encounter rate
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effective radius r This is a calculated field. See comment on shape factor. This field is the
effective radius i.e. the clearance required to avoid contact with a blade.

effective blade area A This is a calculated field. It gives the effective cross-sectional area of the
blades, allowing for the average clearance required to miss a bird/animal
(the 'effective radius'), multiplied by the number of rotors in the array.

swim speed used This is a calculated field. For diving animals, the vertical swim speed u is
used; for marine animals the normal swim speed u,.

encounter rate (unit density) This is a calculated field. This is the encounter rate if the density of
birds/animals were 1 animal/mz, ie before factoring in the actual bird
density.

encounter rate (per sec) Cerm | Thisis a calculated field. Here it is - the encounter rate in animals per

second while the turbine is in operation.

encounter rate (per period) This is a calculated field. And here is the encounter rate grossed up for
the period discussed (usually a year) and allowing for the proportion of
time the turbine is likely to be non-operational:

collisions in period = Cggy t (1-nop).

5.8: CRM Worksheet
Full title ‘Collision Risk Model’

This worksheet calculates the number of rotor transits in the period, and the collision probability for
single transit. It then multiplies these to get the collision rate (before taking account of avoidance)
for a single period, using the basic CRM model'’. The spreadsheet evaluates equation (8) (Section
2.2), taking a value for pcoll calculated from equations (11) and (12).

Rotor diameter and values of D, the animal density by volume at risk depth must be copied in from
the appropriate ‘Density’ worksheet (birds or marine animals).

A range of other parameters describing the rotor is also required.

Rotation speed is the mean rotation speed while operating. If information on operational rotational
speeds is not available, estimate the rotor tip speed using a tip speed ratio A. This is typically around
six for 2-blade rotors, five for 3-blade rotors, and four for 4-blade rotors, but manufacturers may
provide detailed information on tip speed ratios for both these and multi-bladed turbines. The tip
speed is Av. where v, is the tidal current speed, and the rotation speed, in radians s™, is Av. /R. To
convert to rpm, divide by 21t (there are 2i radians in one revolution) and multiply 60 (60 secs in 1
minute).

The blade chord profile describes the width of the blade as a function of radius, thus taking account
of blade taper.

" The calculations required for the extended CRM model are outwith the scope of this spreadsheet.
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The pitch of the blade tip is the angle of the blade tip (in degrees) relative to the rotor plane. This
CRM uses a calculated pitch angle of the blade at any given radius, given the pitch angle at the blade
tips. Imagine the water is stationary and the rotor is screwing its way through the water. At the tip
(at radius R), in a single revolution the blade tip travels a distance 2mR in the plane of the rotor. If the
blade tip has pitch yy,, then it advances a distance 2nR tan yy,. Similarly, at any arbitrary radius r on
the blade, where the pitch is y, the blade advances by 2mnr tan y. But to minimise stress on the blade,
all parts of the blade must advance through the water by the same distance. Thus:

2nrtany=2nRtanyy,, so y= tan™ [ (R/r) tan Yiip | (39)

This formula gives the approximate pitch at intermediate radii, if the pitch at the tip is estimated. It
is an approximate formula which takes no account of the loading on the blade or design angle of
attack or the aerofoil cross-section of a real blade. However it provides an adequate model for
collision risk estimation. The calculation is embedded in the CRM spreadsheet; the user is only
required to enter the pitch of the blade tip.

Table 8 offers detailed field-by-field guidance on the parameters required as input to this worksheet
(shaded blue and green), and the parameters then calculated by the worksheet (shaded orange).

Table 8: Detailed user guidance for CRM worksheet

Period data
time in period The spreadsheet is set up to calculate the number of collisions, assuming
no avoidance, in a single period. Usually collision rates are expressed for a
full year, but sometimes there may be a need to calculate rates for one or
more months, or for example for a period such as the breeding season.
Choose the units (‘years’, ‘months’ or ‘weeks’ and then the number as
appropriate. The spreadsheet will then calculate the period in seconds,
and display this in the next row. 1 year =3.1536E+7 seconds.
time in period (seconds) t This is a calculated field, converting the time to seconds (assumes a 365
day year)
Rotor data
number of rotors B The number of rotors in the tidal array. Note that the assumption in the
spreadsheet is that risks for all turbines are additive, that is that B rotors
present B times the risk from a single rotor.
rotor diameter 2R The rotor diameter. This field should be copied (by value) from the
appropriate Density worksheet.
rotor radius R This is a calculated field, half the rotor diameter
number of blades b Needs no comment - usually 2 or 3 but occasionally 4
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maximum blade chord

In the CRM, the blade width is measured across the flat of the blade
(sometimes referred to as the chord). Cis the chord (in metres) where the
blade is at its widest.

blade pitch at blade tip

This is the angle the blade makes to the rotor plane, in degrees, at the
blade tip. If the pitch were zero then the blades would lie flat in the rotor
plane; if the pitch were 90 degrees they would be perfectly feathered.
Blades are twisted, meaning that pitch varies along the blade length,
increasing from a few degrees at the tip to a large angle close to the hub..
The worksheet calculates the blade pitch at different radii. Many turbines
may vary the overall pitch of the blade according to flow, so as to control
the power generated. However this model cannot deal with such
variation. What is required is an approximate pitch at blade tip when
operating at around mean rotor speed.

blade profile

c/C

The table to the right lists the blade chord c, as a proportion of the
maximum blade chord C, at different radii r from r/R=0 to r/R=1, in steps of
r/R=0.05. Accurate data is often difficult to obtain because of commercial
sensitivities over blade design. The spreadsheet includes a generic profile
based on a wind turbine blade.

rotation speed

The mean rotation speed of the rotors when operational, in rpm
(revolutions per minute). The spreadsheet converts this to radians per
second by multiplying by 2r/60. Exclude periods when the turbine is non-
operational because of too weak or over-strong currents, or down-time for
maintenance or repair. See guidance text in Section 5.7 above for
calculation of a mean rotation speed using information on tidal current
frequency and a rotor performance graph.

% time not operational

nop

This allows for the proportion of time when the turbine is not operational
because the current speed is below the cut-in speed for the turbine or
above the cut-out speed when the current speed is excessive. The ‘current
speed’ worksheet provides a calculator for this. Allowance may also be
included for downtime for maintenance and repair.

Current data

mean current Speed

Ve

This is the tidal current speed (in m s7) at the turbine site, averaged over
the time during which the turbine is in operation, ie excluding slack tides
or excessive tides when the turbine may be closed down. When
averaging, both ebb and flow tides should be given the same sign
(otherwise the tidal flow will average to near-zero).

Animal data - required for each animal species under assessment.

species

Species names to identify each column, copied over from the relevant
Density worksheet

animal density at risk depth

This is as calculated in the final row of the relevant Density worksheet.
Copy over (by value). (If the selection of species is final, then you can set
up a dynamic link, so that any changes in the Density calculations will
automatically update these fields in the CRM spreadsheet.)

marine animal or diving bird?

Dependent on the type of animal, the spreadsheet uses different
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combinations of length, width, and approach speed.

animal length

L Marine animals: length of animal (m) from tip to tail. See section 8.1.

Diving birds: Length of bird (m) from beak to tip of tail. See section 8.2.
BTO Bird Facts also provides standard information.

bodywidth / wingspan

w Marine animals: Body width of animal. Body width is usually around % of
the body length. See section 8.1.

Diving birds: Wingspan of bird from wingtip to wingtip (m). See section
8.2. BTO Bird Facts also offers standard information.

CRM collision rate (assuming no-avoidance)

body width used

body length used L This is a calculated field. This is the dimension of the animal parallel
to the rotor axis. The length L of the animal is used except for
diving birds, for which the wingspan W is used for both length and
width.
W!

This is a calculated field. This is the dimension of the animal in the
rotor plane. The width W of the animal is used except for diving
birds, for which the length L is used.

speed of approach used

This is a calculated field. It selects the swim speed to be used in the
CRM calculation (see ‘swim speed’ above)

total frontal area

Br(R+0.5W)?

This is a calculated field, the total cross-sectional area presented by
B rotors each of frontal area n(R+O.5W)2, where the 0.5W allows for
clearance at the blade tip.

a - -1
avoidance (animals s™)

collision probability for pcoll This is a calculated field. The probability of collision is calculated at

single transit different radii from the hub, from r/R=0 to r/R=1 in steps of
r=0.05R. An average is then taken over the area of the rotor disk.
The calculation is done for downstream transit, using the current
speed as the mean approach speed relative to the turbine. The
calculation uses the function pcoll_diskav, written in Visual Basic.

number of rotor transits This is a calculated field. It is the expected animal flux through the

per second rotors in the period, calculated as D A v where D = D,Q,z/2R and A =
Br(R+0.5W)?

collision rate before Ccrm This is a calculated field. Multiplying the expected number of rotor

transits per second by the average collision probability for a single
downstream transit gives the expected collision rate, before taking
into account any avoidance behaviour. The single transit collision
probability used is for downstream transits.

collisions in period before
avoidance

This is a calculated field. Ccry is multiplied by the time in the
period, allowing for non-operational time: collisions in period =
Cerm t (1-nop)

5.9: ETPM Worksheet

Full title ‘Exposure Time Population Model’
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To date the ETPM has been applied only to diving birds. Neither the spreadsheet nor this guidance
cover the population modelling aspects of the ETPM approach, that is, estimating the critical
additional mortality which would result in an adverse effect of the target population. But once such
a critical additional mortality is estimated, the spreadsheet translates that additional mortality into
the collision rate per animal which would be required to have such an effect. The spreadsheet
evaluates equation (19) (Section 2.3).

Rotor diameter 2R, and the proportion of time a bird is at risk depth, must be copied from the
‘Density — diving birds’ spreadsheet.

The spreadsheet calculates the exposure time per animal — the time each animal in the population is
at risk by dint of being within the swept volume of the rotors — and the collision rate per animal
which would be required to generate the critical additional mortality. Note that (unlike the outputs
of the CRM or ERM model) this is the collision rate required after taking account of avoidance.

Table 9 offers detailed field-by-field guidance on the parameters required as input to this worksheet
(shaded blue and green), and the parameters then calculated by the worksheet (shaded orange).

Table 9: Detailed user guidance for ETPM worksheet

Period data

time in period The spreadsheet is set up to calculate the number of collisions, assuming
no avoidance, in a single period. Usually encounter rates are expressed
for a full year, but sometimes there may be a need to calculate rates for
one or more months, or for example for a period such as the breeding
season.
Choose the units (‘years’, ‘months’ or ‘weeks’) and then the number as
appropriate. The spreadsheet will then calculate the period in seconds,
and display this in the next row. 1 year =3.1536E+7 seconds.

time in period (seconds) t This is a calculated field, converting the time to seconds (assumes a 365
day year)

Rotor data

area of site A« | The area of the site encompassing all turbines, in m?

number of rotors B The number of rotors in the tidal array.

rotor diameter 2R The rotor diameter. This field should be copied (by value) from the
appropriate Density worksheet.

rotor radius R This is a calculated field, half the rotor diameter

number of blades b Needs no comment - usually 2 or 3 but occasionally 4

rotor width front to back w This is the width of the rotor as measured from the front face to the back,
ie the distance through the rotor from front to back
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in rotor swept volume for
each bird in target population

% time not operational nop | This allows for the proportion of time when the turbine is not operational
because the current speed is below the cut-in speed for the turbine or
above the cut-out speed when the current speed is excessive. The ‘current
speed’ worksheet provides a calculator for this. Allowance may also be
included for downtime for maintenance and repair.

Animal data
species Species names to identify each column, copied over from the relevant
Density worksheet
target population N Number of animals in the population on which the impact is being
assessed
number of animals on site Number of animals from target population present on site
proportion foraging on site P Proportion of animals from target population present on site, on average
critical added mortality n The critical level of added mortality judged, from population modelling, to
have a significant adverse effect on the target population

animal length L Marine animals: Length of animal (m) from tip to tail
Diving birds: Length of bird (m) from beak to tip of tail. BTO Bird Facts
provides standard information.

Exposure time

proportion at risk depth Qur This is copied across (by value) from the appropriate Density worksheet.
It is not expressed as such in the ETPM model, but it is equal to the
product FH which is required. Qg is the proportion of time spent at risk
depth by those animals present on site (ie NP in number).

volume of sea at risk depth This is a calculated field. It is the volume of sea within the site at rotor risk
depth, ie between the deepest and least deep points of the rotor disc, a
distance of 2R. To allow clearance for an animal this is increased by half
an animal length at both top and bottom, ie the depth range at risk is
taken as 2R+L. To get the volume, this depth range is multiplied by the
area of the site Ayje.

rotor swept volume Viotor | This is a calculated field. It is the volume in which there is a high risk of
contact with a rotor, being the volume swept by the rotors plus allowance
for clearance. Each rotor occupies a cylindrical volume nR> w where R is
the rotor radius and w its width from front to back. Extending that space
to allow clearance both at front and back of the blade, and at the blade
tip, gives a risk volume of rt(R+0.5L)2(w+L)

rotor swept volume as a S This is a calculated field, the ratio of the previous two quantities: Voor /

proportion of volume of sea volume of sea at risk depth.

at risk depth

annual animal exposure time | T This is a calculated field. Qug P is the proportion of time for each bird in

the population spent at collision risk depth within the development site.
This must be multiplied by the proportion of time at risk depth S that an
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animal is within the rotor swept volume. Qu P S is thus the proportion of
time, for each animal in the population, spent in the rotor swept volume.
Multiply by t to express this as the exposure time in seconds during the
period as a whole. A factor is also included to allow for the proportion of
time a turbine is not operational.

If the number of animals or dive frequency vary seasonally, this result may
be expressed for each month or season.

Collision rate

seconds

critical collision rate in risk a This is a calculated field. Having established values for N and T and the
volume critical annual number of collisions n which would lead to population
decline, the formula Cerppy = N @ T/t is then used to calculate the critical
collision rate a within the risk volume which would lead to an overall
collision rate of n/t animals per second (or n collisions over the period).
i.e. one collision in every X 1/a This is a calculated field. It is the reciprocal of the previous field,

expressing the critical collision rate within the risk volume in terms of the
mean time elapsing between collisions.

5.10: Dynamic linkage

As provided, the animal densities as calculated in either of the ‘Density’ sheets must be copied into
the CRM or ERM sheets, as must the rotor diameter. This is best done as a copy-and-paste move,

using the paste (by value) option.

If analysis has homed in on a certain set of species, then it may be helpful (and safer) to set these up
as a dynamic link, so that any change in the relevant Density sheet will be reflected immediately in

the CRM or ERM calculation. Note however that details of animal parameters, e.g. dimensions and
swim speeds, are set up in the CRM and ERM sheets, so dynamic links should only be established
once the set of species to be analysed is stable.
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SECTION 6: CUMULATIVE ASSESSMENT

Cumulative assessment involves an appraisal of the impacts resulting from changes caused by past,
present or reasonably foreseeable actions together with the project in hand. Though written for
offshore wind farm developments, the ‘Cumulative Impact Assessment Guidelines’ published by
RenewableUK (2013) are helpful in articulating general underlying principles.

In respect of risks to marine wildlife, there may be impacts arising from other proposed tidal turbine
developments, and from the development of other marine infrastructure such as offshore wind
farms, port development, coastal defence works or aquaculture. Such impacts may include
displacement or loss of habitat as well as collision risks. The aim of a cumulative assessment is to
identify all the significant impact pathways, taking the proposed project along with existing or other
planned developments.

In respect of collision risks to diving birds, consideration of potential collision impacts on the same
bird populations from wind farms will be particularly important. A single development may have an
impact on more than one population (e.g if animals from several discrete populations forage in the
same vicinity); conversely several developments may impact in part on a single population.

The following guidance is not intended as comprehensive guidance on cumulative assessment, but
addresses the issue of how to combine impact assessments of collision risk where different models
and approaches have been used for individual developments.

The collision risk, and associated levels of mortality imposed on some target population from more
than one tidal array will in general be the sum of the collision risk and ensuing additional mortality
from each. This assumes that the additional mortality from any one of the tidal arrays is sufficiently
marginal that the resulting change in population number does not significantly affect the estimate of
collision mortality from the others. Note that this assumption may not be valid for localised
populations or populations which are in unfavourable condition.

Summing collision risks and additional mortality for a number of developments does not present a
problem where the models used express potential collision and mortality rates in similar terms.
Where some estimates have been prepared using the ERM, and others the CRM, the estimates from
the two methods are sufficiently close that they may be simply added, within the degree of
uncertainty arising from avoidance and model simplifications. If two or more assessments using the
ETPM affect the same species population, then the respective exposure times T; may be added
together and a combined value for a obtained from equation (19):

a=n/N(T;+T,..) (40)

where N is the number in the population, and n the critical added mortality which would lead to an
adverse population effect.

However, the ETPM model output is expressed not as an overall predicted collision rate for the
animals present on site, but as the critical collision rate a for each animal in the rotor swept volume
which if exceeded would lead to an adverse effect on the population. This presents a difficulty in

54



combining the ETPM output with ERM or CRM outputs. One approach, as described below, is to
allow the CRM to modify the ETPM output so as to give a no-avoidance collision rate estimate.

The core equation for the ETPM is
Cerem= NTa/t copied from equation (15)

where Cerpy is the collision rate per unit time rather than number of collisions in period t.  This may
be rewritten as

Ceprm =D A (w+l)) a (see box below for this transformation) (41)

where A is the total frontal area of the rotors.

Likewise the core equation for the CRM is
Cerm = D A v pcoll copied from equation (8)

Note that the factors v and pcoll in equation (8) take the place of factors (w+L) a in equation (41).
A simple approach is thus to substitute

o’ = v pcoll / (w+Ll) (42)

in place of a in the ETPM calculation — either in equation (15) or (41). In effect this is using the CRM
to establish the value of a’ — not the critical value of a which would lead to population decline, but
an actual estimated collision rate in the rotor risk volume before avoidance. The formula in equation
(42) is not surprising, as (v/(w+L)) is the number of transits per second for an animal passing at speed
v through a cylindrical rotor risk volume of length w+L, as defined in the ETPM; and each such transit
has a mean probability of collision pcoll.

Doing this replaces the ETPM output by a corresponding CRM output, with pcoll — the average risk
of collision for a single transit through a rotor — a product of the CRM model. If there is insufficient
data on the turbines to allow the CRM to be run, then it may suffice to take a precautionary
approach and set pcoll=1 i.e. to assume that any transit will result in collision. The collision rate thus
calculated is on a similar basis to the encounter or collision rates calculated using either the ERM or
CRM models and may be added where they impact on the same target population.

It should be understood that manipulating the ETPM results in this way is contrary to the ethos of
the ETPM which is to avoid making ad hoc assumptions on animal avoidance behaviour, yet to
provide a fully-justified level of quantitative insight to support decision-making. Nonetheless it may
be the simplest way of enabling collision risk assessments made using different models to be
brought together.
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Transformation of ETPM master equation

The ETPM master equation may be written as
Cerpm = NTa /t copied from equation (15)

T is the Exposure Time given by

T=FHSt from equations (16) and (17)
where F is the dive frequency given by F=GUP/t from equation 34a
thus T=(GUP/t)HSt

Inserting this in equation (15) gives
Cerom = NP(GUH/Y) S a

Sis the volume swept by the rotors V,; as a proportion of the sea volume at risk depth 2R*A ;. so

Cerpm = NP (GUH/t)  (Vior/ 2R*Agee)
(NP/Asite) (GUH/t) (l/ZR) (Vrot) a

But NP is the number of animals present on site, so NP/A;. is the areal density D,, and it has already been shown
(Section 4) that GUH/t = Qu, the proportion of animals on site at risk depth. Thus

Ceptm = (DaQar / 2R) * (Vo) @
or Ceprm = D BIE(R+0.5L)% * (w+L)) o
or Ceprm =D A* (w+l)) a which is equation (41)

where A is the total frontal area of the rotors.
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SECTION 7: OTHER TURBINE TYPES

The ERM, CRM and ETPM models all strictly relate to ‘open-rotor’ turbines i.e. with a set of rotating
blades and without a cowl or any shields to concentrate the water flow. This section makes
recommendations on how collision risk should be assessed for two other types of device.

Annular devices

One type of device currently under field testing consists of a ring of turbine blades occupying an
annulus around a central hole (See Figure 10). The central hole allows an important escape or
bypass route for wildlife, in addition to escape and bypass routes around the outer diameter of the
device.

turbine

Figure 10: Schematic of annular device

Collision risk for such a device is most easily estimated by a variant of the CRM model. Instead of
calculating the risk of collision in a single transit through a rotating rotor (pcoll), that may be
replaced by the risk of collision in passing through this annular device. The number of transits in the
period of study is unchanged.

The probability of passing without collision through the annular device is basically the area of the
open circle at the centre, as a proportion of the overall cross-sectional area of the device. However,
a clearance distance r must once again be included to allow for the body width of the animal. Thus
the open space in the centre is reduced to a circle of radius (R; — r) while the overall cross-section
becomes a circle of area (R + r). The probability of making a single transit without collision is
therefore

n(Ri—r)’>/m(R+r)* ormore simply (Ri=1)?/ (R+r)?
The probability of collision in a single transit is thus
pcoll (annular)=  1- (Ry—r)*/ (R+r)? (43)
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This value may be calculated and used in place of the formula for pcoll in the ERM/CRM
spreadsheet. The clearance distance r should be half the body width for a sea mammal or fish, or
half the wingspan for a bird, as the CRM model assumes approach perpendicular to the rotor plane.

This method almost certainly provides a precautionary over-estimate of the collision risk of such
devices. Itis assumed that the annular ring of blades is not at all porous, whereas in fact small
animals, of a size less than the distance between successive blades, travelling in a downstream
direction may find free passage between the blades, created by the pitch of the blades. And
hydrodynamic effects are not considered here — the propensity for animals to avoid collision
because they are washed clear of the blades by the movement of water around the blades.

The method assumes a 100% encounter probability for animals encountering the annular ring of
blades. Given the apparent solidity of such an annulus, the level of collision avoidance for such
encounters may well be higher than for animals taking evasive action to avoid a rotating blade in a
conventional turbine.

Contra-rotating rotor devices

Some devices are designed with contra-rotating rotors, that is with two rotors mounted on the same
axis but operating in reverse rotational directions. The two rotors may be designed with different
numbers of blades and different rotational speeds, so as to minimise the likelihood of cyclic stresses
on the supporting structure.

Consider the risk to an animal making a single transit through both rotors. Let the probability of
colliding with each of the rotors be pcolll and pcoll2 respectively. Then the probability of safe
passage through the first rotor on its own is (1 - pcoll1), and the probability of passage through the
second rotor on its own is (1 — pcoll2). The probability of safe passage through both rotors is

(1-pcolll) x (1-pcoll2) = 1 - pcolll —pcoll2 + pcolll pcoll2
and thus the risk of collision is pcolll + pcoll2 - pcolll pcoll2 (44)

This demonstrates that the risk from passing through both rotors is always less than the combined
risk of passing separately through the first (pcoll1) then the second rotor (pcoll2).

The combined collision risk for a two-rotor contra-rotating device will never be greater than the sum
of two separate but otherwise equivalent rotors.

It is recommended that assessment takes the precautionary approach of treating the two rotors as
separate.
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SECTION 8: RECOMMENDED PARAMETER VALUES

To promote compatibility across different assessments, SNH recommends the use of standard values
for key parameters, where these are based on soundly gathered data. Only a limited number of
species parameters have been subject to an overarching review. In general reasonably good data is
available on body length, both for diving birds and marine mammals. However, data on dive depths,
duration and dive frequency foraging cycles is limited and often based only on single studies.

Where the figures in the following tables are not shaded orange, the values quoted may be taken as
a starting point only; there may well be other sources of data.

Colour code for Section 8 tables: confidence: high moderate low or poor

From time to time SNH may be able to add to the data in these tables, or update the values using
new data. Where this occurs, the updated guidance will be available to download from the SNH
website, and alongside the link to the document a clear marker will be posted as to the
section/tables which have been updated.

8.1 Marine animals

Table 10 below provides a summary of the recommended parameter values for six marine animal
species. The ERM and CRM methods variously require body length, body width and mean swim
speed. Mean dive time and surface time are required if surface animal densities have to be adjusted
to allow for animals not visible when underwater, or if the time at risk depth is calculated using dive
frequency and the time at risk during a dive. The following paragraphs for each species provide a
commentary on their source, and additional information on the proportion of time at different
depths.

Harbour porpoise

Available data on the dimensions of harbour porpoise have been reviewed by Thompson (2015). For
collision risk assessment, typical mean values of 1.48m body length and 0.32m body width are
recommended, on the basis of UK data, which is similar to that for Danish and Icelandic populations.
Data on swim speed is scarce. The value of 1.4 m s™ for swim speed is an average of descent and
ascent speeds of seven tagged harbour porpoise in the Bay of Fundy (Westgate et al. 1995).

Mean dive time and surface time are explored by Otani et al. (2000). To calculate the proportion of
time at risk depth, detailed information on the proportion of time spent at each depth is available
from passive acoustic monitoring of harbour porpoise in the Sound of Sleat, Skye (Gordon et al.
2015), reviewed by Thompson (2015). Depth data was associated with each porpoise click, and the
data reveal the differences in diving behaviour in different water depths. Table 11 provides the data
in terms of the proportion of time spent within each depth range, for water depths in ranges 20-
40m, 40-60m, 60-80m, 80-100m and >100m. It is recommended that the depth distributions in this
table are used to estimate Qu, the proportion of time at risk depth, for harbour porpoise. Box 1
provides details of how to calculate Q,z from this data.
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Table 10: Marine animals: Summary of standard parameter values recommended

Harbour porpoise Phocoena phocoena
length 1.48 m Thompson (2015)
body width 0.32m
mean swim speed* 1.4 ms" | Westgate et al. (1995): average of descent and ascent
swim speeds
mean dive time 26.2s

Otani et al. (2000)

mean surface time 39s
Harbour seal Phoca vitulina
length 141 m
body width 0.34 m | Thompson (2015)
mean swim speed* | 1.8ms”
mean dive time 180 s | Thompson et al. (2014a), Batty et al. (2012),

mean surface time

39.5s

Chudzinska (2009)

Grey seal Halichoerus grypus
length 1.86m
body width 0.42 m | Thompson (2015)
mean swim speed* | 1.8ms*
mean dive t!me 297 s Beck et al.(2000)
mean surface time 165 s

Minke whale

Balaenoptera acutorostrata

length 8.8 m | Horwood (1990)
body width 2.2 m | taken as % of length
mean swim speed* 2.1ms™ | Williams (2009)
dive ti 87
mean Zive !me > Stern (1992), Heide-Jgrgansen & Simon
mean surface time 35s

Basking shark

Cetorhinus maximus

length 7 m | Speedie et al. (2009)
body width 1.7 m | taken as % of length
mean swim speed* 1.0ms™? | Sims (2000)
mean dive time
mean surface time
Atlantic salmon Salmo salar
adult — 1 sea winter
length 0.67 Marine Scotland (2011)
body width 0.12 estimate by Xodus (2012)
adult — multiple sea winters
length 0.79 Marine Scotland (2011)
body width 0.14 estimate by Xodus (2012)

according to the current speed

mean swim speed is relative to the water body; the speed over ground may be more or less
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Table 11: Harbour porpoise: proportion of time spent at different depths, for different water
depths

Proportion of Proportion of time spent at each depth
water depth 20-40m 40-60m 60-80m 80-100m >100m
0 (at surface) 0.147 0.116 0.115 0.127 0.126
0-0.05 0.053 0.087 0.153 0.149 0.253
0.05-0.1 0.033 0.162 0.167 0.143 0.176
0.10-0.15 0.033 0.136 0.104 0.100 0.109
0.15-0.2 0.042 0.066 0.052 0.096 0.071
0.20-0.25 0.044 0.045 0.051 0.082 0.064
0.25-0.3 0.039 0.051 0.052 0.088 0.049
0.30-0.35 0.066 0.042 0.042 0.066 0.035
0.35-0.4 0.066 0.044 0.039 0.043 0.024
0.40-0.45 0.077 0.056 0.033 0.029 0.021
0.45-0.5 0.077 0.050 0.028 0.017 0.020
0.50-0.55 0.055 0.034 0.024 0.013 0.012
0.55-0.6 0.057 0.029 0.022 0.009 0.009
0.60-0.65 0.046 0.023 0.022 0.013 0.007
0.65-0.7 0.031 0.016 0.021 0.006 0.008
0.70-0.75 0.039 0.006 0.014 0.004 0.003
0.75-0.8 0.020 0.006 0.015 0.002 0.003
0.80-0.85 0.009 0.010 0.010 0.002 0.002
0.85-0.9 0.002 0.007 0.010 0.001 0.002
0.90-0.95 0.009 0.003 0.008 0.001 0.002
0.95-1 0.057 0.010 0.021 0.008 0.005

Box 1: Calculating Q,; from ‘proportion of time at depth’ tables

To use Tables 11, 12 or 13, or similar tables, to calculate Quz, the proportion of time an animal is at risk
depth:

(i)- identify the column appropriate to the water depth at the turbine(s);

(ii) if dive depth is listed as a proportion of water depth, as in Table 11, translate the minimum depth at
rotor top, and maximum depth at rotor bottom, into a proportion of this water depth (this step is
unnecessary in Tables 12 and 13 as the depth column is expressed directly in metres depth;

(iii) the minimum depth is likely to fall within a stated water depth range, so include a due proportion of
that range (eg if the minimum rotor depth was 0.225 of the water depth, that lies midway in the
range 0.2-0.25, so include one half of the proportion of time in that range;

(iv) similarly, the maximum rotor depth is likely to fall within a stated water depth range, so include a
due proportion of that range (eg if the maximum rotor depth was 0.66 of the water depth, that lies
one fifth through the range 0.65 to 0.70, so include one fifth of the proportion of time in that
range.

(v) add up the proportion of time spent in each full depth range, plus the upper and lower part depth
ranges, in the column identified at stage (i), to get Qu, the proportion of time at risk depth.

For harbour porpoise, harbour seal and grey seal, the spreadsheet provided with this guidance performs
this calculation automatically, given the water depth, and rotor minimum and maximum depths.
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Harbour seal

Thompson (2015) also reviewed information on seal body dimensions and swim speeds. For harbour
seal, using a modelled age structure, the estimated population-weighted mean body length is 1.41m
and mean body width 0.34m, based on seals captured for a variety of studies. Typical swim speeds
are close to that estimated as the ‘minimum cost of transport’, in the range 1.8-2.0 ms™. Itis
recommended that 1.8 m s™ be used in assessing collision risk.

A number of studies have explored dive time and surface time for harbour seals. To calculate the
proportion of time diving harbour seals are at risk, detailed information is available from studies in
the Inner Sound, Pentland Firth, shown in Table 12. Itis recommended that the depth distributions
in this table are used to estimate Qu, the proportion of time at risk depth, for harbour seal. Models
of seal diving behaviour which characterise dives as U-dives or V-dives appear to be over-simplistic:
there is also a shallow peak in the depth distribution in mid-water column. An important caveat to
this data is that seal location could only be determined when a tagged seal surfaced. The water
depth recorded was the water depth at that surfacing location, which could be at some distance
from the area used during the dive for foraging — so the water depth is only approximate. This
explains why some records of seal depth exceed the water depth logged at the surfacing location.

To calculate the proportion of animals at risk depth, use the same procedure outlined in Box 1,
noting that stage (ii) is omitted, as the left column in Table 12 is expressed directly in metres depth.

It is assumed that animals at the surface are not at collision risk as minimum rotor depths will be
greater than the dimensions of a seal. The first row indicates that risk-free proportion of time.

Table 12: Harbour seal: proportion of time spent at different depths, for different water depths.

Note: Columns 1, 2 and 4 contain the data from the Pentland Firth study. To enable use to be made
of this table in shallower water depths, Column 2 (<20m) has been added by the author, with data
estimated to reflect the trends evident in the deeper dives.

Depth (m) <20m 20-30m 30-40m

0 (at surface) 0.18 0.20 0.22
0-5 0.08 0.06 0.04
5-10 0.16 0.13 0.11
10-15 0.26 0.14 0.14
15-20 0.32 0.11 0.09
20-25 0.24 0.07
25-30 0.12 0.19
30-35 0.12
35-40 0.02
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Grey seal

For grey seal, there are minor differences between the populations in the North Sea, Orkney and the
Hebrides, reflecting differences in sex and age structure. Population-weighted mean values have
been used as standard, with a 50:50 sex ratio, giving a mean body length of 1.86m, body width
0.42m.

As for harbour seal, research on swim speeds for grey seal indicate that foraging swim speeds are
close to the estimated minimum cost of transport speed, in the range 1.8-2.0 ms™. Itis
recommended that a swim speed of 1.8 m s™ be used for collision risk assessment.

Studies by Beck et al. (2000) have illustrated the dive cycle parameters for grey seal, indicating a
mean dive cycle of 462 secs, including a mean of 165 secs surface time. The studies did not
discriminate between U-dives and V-dives, but they did note differences between pre-moult seals
and post-breeding seals.

Dive depth data from a study in the Pentland Firth has provided detailed data on the proportion of
time spent at various depths (Table 13). Itis recommended that the depth distributions in this table
are used to estimate Qug, the proportion of time at risk depth, for grey seal. Use the same procedure
as for harbour porpoise, except that stage (ii) should be omitted, as the depth ranges are expressed
directly in metres depth. The data are subject to the same caveat as for harbour seals, as to the
uncertainty associated with water depth. The first row indicates the proportion of time at the
surface, assumed to be free of collision risk.

Table 13: Grey seal: proportion of time spent at different depths, for different water depths

. Proportion of time in each depth bin for dives in different water depths
Dive depth
bin (m) <20m 20-30m 30-40m 40-50m 50-60m >60m
0 (at
surface) 0.18 0.18 0.18 0.18 0.18 0.18
0-5 0.02 0.02 0.02 0.02 0.02 0.02
5-10 0.12 0.05 0.04 0.10 0.09 0.09
10-15 0.14 0.10 0.05 0.10 0.16 0.11
15-20 0.19 0.12 0.08 0.10 0.12 0.10
20-25 0.34 0.27 0.09 0.07 0.11 0.11
25-30 0.22 0.10 0.07 0.05 0.08
30-35 0.05 0.19 0.07 0.05 0.06
35-40 0.19 0.07 0.03 0.04
40-45 0.06 0.07 0.03 0.04
45-50 0.07 0.03 0.02
50-55 0.06 0.03 0.02
55-60 0.04 0.02
60-65 0.05 0.03
65-70 0.03
70-75 0.03
75+ 0.01
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Minke whale

Body length and swim speed for minke whale are taken from Batty et al. (2012), quoting Horwood
(1990) for body length and Williams (2009) for swim speed. Body width (used in the CRM) is taken
as one quarter of the animal’s length. Mean dive time is calculated by averaging over a typical cycle
of five dives (four short, one long) as described by Stern (1992). Surfacing time is described by
Heide-Jgrgenson & Simon.

Basking shark

Adult basking shark body length ranges from 4-10m, with 7m being the average body length of
basking sharks observed in Scottish waters (Speedie et al. 2009). Swim speed is drawn from Sims
(2000).
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Figure 11: Basking shark depth behaviour from Witt et al. 2014.

In a basking shark tagging project (Witt et al. 2014), a number of basking shark were tagged for
periods of over 200 days, and the use of different depths recorded. Figure 11 shows the mean
frequency of use of different depths for the six tagged shark reported in Figure 23 of that report.
The shark were free to roam in waters of a wide range of depths, and the deepest dive recorded was
to over 1000m depth. No information is available in this report about the use of different depths in
waters of restricted depth, such as occurs in the tidal channels best suited to tidal energy. The
reported data supports the view that basking shark frequent all depths from surface to seabed. Sims
(2000) observes that basking shark dive behaviour is variable, being highly dependent on where the
food source is in the water column. In the absence of more detailed information, for use in the
collision model it is recommended that a uniform depth distribution is assumed.
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Atlantic salmon

Data has recently become available on the swim depths of homing Atlantic salmon in Scottish waters
(Godfrey et al. 2015). This data has been used as the basis for an empirical curve fitted to the
cumulative frequency f(h) as a function of depth h (the proportion of salmon swimming above each
depth), valid for depths up to 100m (see Figure 12):

f(h) = -7.5e-07 h* + 2.4 e-04 h® -2.71 e-02 h? +1.274 h + 77.091 (45)

It is recommended that the depth distribution in equation (45) is used to estimate Q,; for adult
salmon. This formula is embedded in the Qu function used in the spreadsheets. It should be noted
that the proportions of salmon swimming below about 35m are so small that the distribution may be
considered independent of seabed depth for water depths in the range 35-100m.
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Figure 12: Depth of homing Atlantic salmon from
Godfrey et al. showing fit of equation (45)

8.2 Diving birds

Robbins et al. (2014) have reviewed data on diving bird dimensions and dive behaviour from a
number of studies, and for one species (European shag) have been able to present mean values
across these studies which can be used with a fair degree of confidence. For two other species (red-
throated diver and black guillemot) the authors attribute moderate confidence to the mean data.
Such data are coloured deep orange (high confidence) or pale orange (moderate confidence)
respectively. For other species (uncoloured) their confidence is described as low or poor. For the
remaining species, the figures in the tables (uncoloured) are based on single studies, and are offered
here only as a starting point; they are not based on a comprehensive search of the literature.

At the time of this being written (April 2016), it is expected that the data in this diving birds section
will be updated later in 2016. Users should check that the most recent versions of these tables are
used.
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Table 14: Diving birds - data on dimensions and swim style

Common name Scientific length | wingspan (m) | swim style
name (m)

common eider Somateria 0.60 0.94 foot-propelled
mollissima

red-throated diver Gavia stellata | 0.61 1.11 foot-propelled

northern gannet Morus 0.94 1.72 wing-propelled
bassanus

cormorant Phalacrocorax | 0.90 1.45 foot-propelled
carbo

European shag Phalacrocorax | 0.72 0.98 foot-propelled
aristotelis

black guillemot Cepphus 0.31 0.55 wing-propelled
grylle

common guillemot Uria aalge 0.40 0.67 wing-propelled

razorbill Alca torda 0.38 0.66 wing-propelled

Atlantic puffin Fratercula 0.28 0.55 wing-propelled
arctica

from BTO Bird Facts

Table 15: Diving birds - data on dive patterns

dive ascent | descent dive pause dives/ dive frequency source of dive

depth | speed | swim underwater | duration | bout during diving info

(m) (m s'l) speed duration t, (s) bouts

(ms”) (s) Fa(s7)
common 25.9 0.0191 Guillemette
eider (2004)
red-throated | 5.3 26.1 12.2 Robbins et al.
diver (2014)
northern
gannet
cormorant 40 0.00685 Snow & Perrins
(2008)
European 23.2 1.5 1.8 41.7 33.8 20.9 0.0132 Robbins et al.
shag (2014)
black 26.5 77.1 31.2 8.75 0.0092 Robbins et al.
guillemot (2014)
common 77.6 0.0087 Evans et al.
guillemot (2013)
Atlantic 48.7 Spencer (2012)
puffin
Table 16: Diving birds - data on foraging trips

forage trip forage dives/trip | dive

frequency trip frequency

G (trips/day) | duration while foraging

U (s) (s7)
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red-throated 10 2388 Robbins et al.

diver (2014)

European shag | 2.8 5472 26.6 0.00486 Robbins et al.
(2014)

8.3 Avoidance rates

There has as yet been insufficient monitoring of wildlife responses at operational tidal arrays to
enable avoidance rates to be assessed.

The avoidance factors which have been applied to date in various environmental assessments are
the result of professional judgement by ecologists involved in each project on what they considered
was the likely potential for successful avoidance (both active and passive) by the different life stages
of the different species. Given the present lack of knowledge of avoidance behaviour, SNH
recommends that all collision risk assessments using an avoidance factor should set out results using
six avoidance rates: 0% (i.e. no avoidance), 50%, 90%, 95%, 98% and 99%. The Avoidance sheet of
the attached spreadsheet applies these rates automatically to the results of both the ERM and CRM
models.

As our knowledge of animal behaviour in proximity to tidal turbines improves, species-specific
avoidance rates may be refined. Therefore it is advised that avoidance rates should be agreed with
the Regulators at an early stage in the assessment.
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SECTION 10: WORKED EXAMPLES

In this section, four worked examples are described, to illustrate application of the three models and
use of the spreadsheet in different circumstances. The first two worked examples are based on an
assessment of potential collision risk with marine animals and diving birds at the EMEC tidal test site
on Orkney (Band 2014). EMEC provided survey data, derived from a regular wildlife survey of the
site, counting sightings of both diving birds and marine animals, from July 2005 — March 2014. The
third is based on one of the worked examples outlined by Grant et al. (2014), considering the
collision risk of a hypothetical tidal array in the Pentland Firth with European shags. The final
worked example is based on an assessment of collision risk with Atlantic salmon, undertaken for the
Meygen development in the Pentland Firth (Xodus Environment 2012). Please note, however, that
the results presented in this worked example may differ from the original assessment due to the use
the standard parameters recommended in Section 8.

The calculations are shown in the Tables WE1 — WE4 below. These calculations may be reproduced
using the spreadsheet accompanying this guidance, and this is recommended for anyone
familiarising themselves with the calculations.

WEZ1: Fall of Warness, Orkney — marine animals

The calculations for this worked example are shown in Tables WE1 (i) — (iii). These three worksheets
calculate respectively (i) animal density at risk depth, (ii) the ERM encounter rate and (iii) the CRM
collision rate. Species assessed were harbour porpoise, harbour seal, grey seal, minke whale and
basking shark.

(i) Marine animals — density at risk depth

Observed density

The data input here Ds is the density of animals at the sea surface, as derived from the EMEC survey
observations, after undertaking distance correction and allocation of unidentified species (i.e.
Stages 1 and 2 of the survey data processing as described in section 3). Stage 3 (adjusting for
nocturnal activity) was omitted for marine animals as, in the absence of contrary information, it was
assumed that nocturnal activity was at the same level as during daytime.

Proportion of animals visible at surface

Figures for mean underwater dive duration, and mean surface time, are drawn from Table 10 in
Section 8, and are used in these columns to calculate the overall dive frequency, and the proportion
visible at the surface. For basking shark, no correction for the proportion of time underwater is
made at this stage, and so the fields for ‘mean underwater duration of dive’ and ‘mean surface time’
are left blank.

Watch time had not been specified or controlled during the survey; however, knowing the time
allotted for a complete scan, and the field width of the binoculars used, an estimate was made that
the watch time for each area of sea viewed through the binoculars could only be around 10-15 secs.
10 seconds was used in the calculations, erring on the precautionary side (a shorter watch period
means a greater multiplying factor to allow for animals underwater).

72



The adjusted at sea density D, is then the observed density Ds divided by the proportion visible at
the surface.

Risk depth

Collision risks were assessed for a reference 3-blade turbine of 25m diameter. It was assumed that
the rotors would be sited with rotor tips at a minimum depth of 2.5m, so that a rotor would not
breach the surface and encounter animals at the surface. For many species, risk decreases with
depth below the surface so 2.5m was selected as a ‘worst case’ in terms of possible rotor depths. An
average channel depth of 30m was assumed. Thus the 25m diameter rotors were assumed to
occupy most of the depth range, from 2.5 -27.5m.

Proportion of animals at risk depth
To calculate the animal density at risk depth, depth distribution models were selected according to
species:

e for harbour porpoise, the ‘harbour porpoise’ model was selected, based on a researched
species-specific depth distribution;

e for harbour seal, the ‘harbour seal U-dive’ model was selected, based on the species-specific
depth distribution described in Section 8 Table 12;

o for grey seal, it was not known whether U-dives or V-dives would be prevalent. The ‘deep-
diving’ generic model depth distribution was used — this calculates the time a seal takes to swim
across the diameter of a rotor during both descent and ascent. A vertical swim speed of
1.4 m s was assumed.

o for minke whale and basking shark, a ‘uniform’ depth distribution throughout the channel
depth was assumed.

Using the inbuilt function Q2R which does the calculation appropriate to the selected depth
distribution model, the spreadsheet then calculates the ‘proportion at risk depth’ and the ‘density at
risk depth’ D in animals m™. This last is the key parameter which is fed in to the ERM and CRM
model worksheets.

It may be noted that for harbour and grey seal, the proportions at risk depth calculated using the
observed data in Tables 12 and 13 are much higher (by a factor of 2 or 3) than proportions calculated
using the deep-diving model. This may signal a more general warning that use of both the shallow
and deep-diving models to calculate the proportion of time at risk may significantly underestimate
time spent in mid-water column.

(ii) ERM worksheet

Period data
A period of one complete year was selected.

Rotor data

Turbine details assumed in this Worked Example are: 3-bladed turbines of diameter 25m, blade
width 0.75m from front to back, mean rotation speed of 6.95 rom. Turbines non-operational for
12.4% of the time. Mean current speed during periods of operation 1.82 ms™.
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Animal data
For each species, the animal density at risk depth D is copied over from the previous worksheet.

All the species are classed as marine animals (this simply guides which parameters are used in the
ERM and CRM calculations). Mean animal length and bodywidth are input using the recommended
parameters in Table 10. The mean swim speed is a mean speed while foraging , relative to the
water, not taking into account any extra speed due to a tidal current. Cell E17 calculates a resultant
speed relative to the rotor, combining both current speed and animal swim speed.

Shape factor was taken to be 0.5, as for long thin objects (needle-shaped).

ERM encounter rate

The worksheet calculates the effective animal radius and the effective blade area, taking account of
the clearance required to miss a blade, and then calculates the number of encounters expected in
the selected period (1 year) for the given animal density D. The ERM results indicate encounter
rates from 0.74 per year (grey seal) to 2.47 per year (harbour seal).

(iii) CRM worksheet

Period data
A period of one complete year was selected.

Rotor data

Diameter, number of blades, rotation speed, non-operational time and mean current speed were as
used in the ERM worksheet. For the CRM model, the maximum blade chord width was taken as
1.5m, with a pitch at the tip of 5 degrees relative to the rotor plane. (Note that a chord width of
1.5m is consistent with the choice of 0.75m as front-to-back width in the ERM; a blade of chord
width 1.5m at a pitch of 30 degrees would have a front-to-back width of 0.75m — refer to Figure 5.)
The tapering blade profile is expressed in the table showing the blade chord width as a fraction of
the maximum chord width at intervals r/R from 0 to 1 in 0.05 steps. This is the default taper in the
spreadsheet. If desired the table could be replaced by a blade profile table for the actual turbines,
though most turbine blades are broadly similar in profile.

Animal data
As in the ERM worksheet, all the species are classed as marine animals, mean animal length and
bodywidth are taken from Table 10.

CRM encounter rate

The worksheet calculates the total frontal area of the rotors, and hence (using the animal density)
the number of rotor transits in the period. Using the animal dimensions, the worksheet also
calculates the mean encounter probability for a single transit. Multiplying these gives the number of
encounters expected in the period.

The CRM results are in general quite similar to those of the ERM. The CRM estimates transit rates
through rotors between 1.0 (basking shark) and 8.4 (harbour seals) per year (see WE1 (iii) CRM:
‘number of rotor transits in period’), while the collision risk for any transit varies with animal size
from 30.8% (harbour seal) to 100% (minke whale and basking shark) (see same sheet ‘collision

74



probability for single transit’). Estimated collision rates (before avoidance) range from 0.9 per year
(grey seal) to 2.59 per year (harbour seal) — very similar to the ERM results.
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Table WE1(i): Fall of Warness — marine animals - Density

Marine animals - density at risk depth

Species name

Observed density (per m?)

correct for proportion underwater?

Proportion of animals visible at surface
mean underwater duration of dive
mean surface time

overall dive frequency

watch period

proportion visible at surface

adjusted at sea density

Risk depth

rotor diameter
rotor minimum depth

channel depth

Proportion of animals at risk depth

depth distribution type
vertical swim speed

time perdive atrisk depth
proportion atrisk depth
densityatrisk depth (per m?)

Ds

Da

2R

= 2
animals m

q -1
dives s

g -2
animals m

q 3
animals m

1/(ty+ty)
10
1-F*max(0,t,-t,)
25.0
2.5
30

FH
Da Qxr/2R
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::::;:L harbour seal grey seal minke whale b::::?(g
3.39890E-09 3.572E-09 1.056E-08 2.158E-10 1.083E-09
yes yes yes yes no
26.2 180 297 87
3.9 39.5 165 3.5
3.32E-02 4.56E-03 2.16E-03 1.10E-02 0.00E+00
10.0 10.0 10.0 10.0 10.0
0.462 0.2256 0.379 0.149 1.000
7.36E-09 1.58E-08 2.788E-08 1.45E-09 1.08E-09
ph:rrpbooiz; harbourseal deep-diving uniform uniform
1.40
35.71
71.70% 52.50% 7.73% 83.33% 83.33%
2.11E-10| | 3.33E-10| | 8.62E-11| | 4.82E-11| | 3.61E-11




Table WE1 (ii): Fall of Warness — marine animals - ERM

ERM

Period of assessment

time in period (secs)

Rotor data

number of rotors

rotor diameter

rotor radius
number of blades

rotor blade width

rotation speed

mean tangential blade speed
% time not operational

mean current speed (m )

mean blade speed relative to water

Animal data

species

animal density atrisk depth (c/f)
marine animal or diving bird?
length

bodywidth/wingspan

swim speed (marine animals only)
vertical swim speed

shape factor

ERM ENCOUNTER RATE
effective animal radius
effective blade area

swim speed used
encounterrate (unitdensity)
encounterrate (persec)

encounterrate (per period)

b |
symbol

VI’
nop

Ve

uorug

CERM

units

years

3

rrm

ms”

ms”

ms”

ms”

ms”

a -1
animals s
a -1
animals s

animals

1.0
3.15E+07
1
25
12.5
3
0.75
6.95
4.55
12.4%
1.82
4.90 V(v +v)
harbour
porpoise
2.11E-10
marine animal

1.48

0.32

14

0.50r0.8 0.5

W/ 0.370

(w+2r )(R+r) bB 57.53

u for birds; otherwise ug, 1.40

A (u+3v7)/3v 269.95

AD (u*+3v))/3v 5.70E-08

Cerm t (1-n0p) 1.57
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harbour seal

3.33E-10

marine animal marine animal marine animal

1.41
0.34
1.8

0.5

0.353
56.10
1.80
268.5
8.93E-08
2.47

grey seal

8.62E-11

1.86
0.42
1.8

0.5

0.465
65.34
1.80
312.7
2.70E-08
0.74

minke whale

4.82E-11

8.8
2.2
21

0.5

2.200
227.12
2.10
1106.5
5.34E-08
1.47

basking shark

3.61E-11
marine anima
7

1.75

1.0

0.5

1.750
181.69
1.00
839.8
3.03E-08
0.837



Table WE1 (iii): Fall of Warness — marine animals - CRM

CRM blade profile: IR c/C
0 0.690
symbol 3 units 0.050 0.730
Period of assessment h years 1.0 0.100 0.790
time in period (secs) M t s 3.15E+07 0.150 0.880
0.200  0.960
Rotor data 0.250  1.000
number of rotors B m 1 0.300 0.980
rotor diameter (c/f) 2R m 25 0.350 0.920
rotor radius A R m 125 0.400 0.850
number of blades A b 3 0.450 0.800
maximum blade width A C m 15 0.500  0.750
blade pitch at blade tip h y degrees 5 0.550 0.700
blade profile h c/C <-- 0.600 0.640
rotation speed h Q rpm 6.95 0.650 0.580
% time not operational h nop 12.4% 0.700 0.520
0.750  0.470
0.800 0.410
Current data 0.850  0.370
mean current speed (ms™) h Ve ms?t 1.82 0.900 0.300
0.950  0.240
1.000  0.000
Animal data
b
harbo‘ur U-dives ] minke whale basking
Species (¢/f) porpoise harbour seal shark
animal densityarrisk depth (c/f) A D animals m” 2.11E-10| | 3.33E-10| | 8.62E-11| | 4.82E-11| | 3.61E-11
marine animal or diving bird? h marine animal marine animal marine animal marine animal marine anims
length h L m 1.48 1.41 1.86 8.80 7.00
wingspan / bodywidth b W m 0.32 0.34 0.42 2.20 1.75
CRM ENCOUNTER RATE
body length used perp to rotor L' swap length & width for diving birds 1.48 1.41 1.86 8.80 7.00
body width used in rotor plane w' swap length & width for diving birds 0.32 0.34 0.42 2.20 1.75
speed of approach used h Ve ms? Ve 1.82 1.82 1.82 1.82 1.82
total frontal area A m? Br(R+0.5W') 504 504 508 581 562
encounter probability for single transit h pcoll pcoll 32.10% 30.77% 39.36% 100.00% 100.00%
no of rotor transits per second X s* D BT((R+0.5W‘)2 Ve 1.93E-07 3.05E-07 7.96E-08 5.10E-08 3.69E-08
encounter rate (persec) before avoidance h Cerm D(Br[(R+O.5W‘)2 v peoll 6.21E-08 9.39E-08 3.13E-08 5.10E-08 3.69E-08
no of rotor transits in period D Br[(R+0.5W')Z v{(1-nop)t 53 8.4 2.2 14 1.0
collisions in period before avoidance h animals Cerm (1-nop) t 1.72 2.59 0.9 14 1.0
ratio CRM/ERM 1.09 1.05 1.16 0.96 1.22
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WE2: Fall of Warness, Orkney — diving birds

The calculations for this worked example are shown in Tables WE2 (i) —(iii). The three worksheets
calculate respectively (i) bird density at risk depth, (ii) the ERM encounter rate and (iii) the CRM
encounter rate. Species assessed were eider, red-throated diver, gannet, cormorant and black
guillemot.

(i) Diving birds — density at risk depth worksheet

Observed density

The data input here Ds is the density of birds at the sea surface, as derived from the EMEC survey
observations, after undertaking distance correction and allocation of unidentified species (i.e.
Stages 1 and 2 of the survey data processing as described in section 3). Stage 3 (adjusting for
nocturnal activity) was only applied for cormorant and shag, as these species are known to be
relatively inactive at night: for these two species, nocturnal activity was set to zero.

Proportion of diving birds visible at surface

Method 1 was used to calculate the overall dive frequency, using values sourced from research
literature on dive frequency while foraging, and on the proportion of time foraging. Values for the
latter are scarce, and the values used for species other than shag are no more than informed
estimates.

Figures for mean underwater dive duration, were as quoted in Section 8 Table 15, with the
exception of gannet, for which the source was Garthe et al. (2000 and 2003). Mean dive duration
was then used to calculate the proportion visible at the surface and the adjusted at sea density Da.

Watch time had not been specified or controlled during the survey; however the observations were
described as snapshot counts, implying that watch time of any one area of sea surface was minimal.
Watch time was therefore taken as zero.

The adjusted at sea density D, is then the observed density Ds divided by the proportion visible at
the surface.

Special treatment is required for gannet. Survey data for gannet were based, as for other species,
on the density of birds observed on the water. For gannets, a sizeable proportion of the population
on site are likely to be airborne at any time, and therefore not available to the water-surface based
survey count. In contrast, the time spent underwater during dives is relatively short and of minimal
significance when considering the overall number on site, and may be ignored. Thus for gannet,
when considering availability to be counted in a water-surface-based survey, the time spent airborne
takes the place of the time underwater. The ‘proportion visible at the surface’ is the proportion of
the population on site including those birds airborne, and the ‘adjusted at sea density’ is the density
including birds airborne.

For gannet, data on foraging was drawn from Garthe et al. (2000 and 2003). Cell K9 (Gannet:
proportion of time foraging) was used to refer to the proportion airborne. The formula in Cell K18
(Gannet: proportion visible at the surface) was overwritten so as to calculate as (1 - proportion
airborne), thus becoming the proportion of gannet visible at the sea surface. The ‘adjusted at sea
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density’ figure D, then expresses the areal density of gannets, including those in the air as well as
those on the surface.

A value for overall dive frequency was also available and was entered directly in cell K15 (gannet:
overall dive frequency), overwriting the formula there. This value is then used in the normal way in
the calculation of the proportion of birds at risk depth.

Risk depth
As in the previous Worked Example, the 25m diameter rotors were assumed to occupy most of the
depth range, from 2.5 -27.5m.

Proportion of diving birds at risk depth

Eider and red-throated diver were assumed to be shallow-diving, that is, their dives do not go
deeper than the deepest parts of the rotor. Cormorant and black guillemot were assumed to be
deep-diving. Gannet are assumed to plunge-dive, that is they descend rapidly in a dive from the air,
then ascend at a more measured speed to the surface.

Vertical swim speeds — while in descent and ascent — determine the proportion of time at risk. A
figure of 1.65 m s™ was taken as the mean of ascent and descent speeds for European shag (see
Section 8 Table 15). In the absence of species-specific data this figure was also used for cormorant,
eider and red-throated diver. For black guillemot, the figure of 1.48 m s™* found by Thaxter et al.
(2010) for common guillemot was used.

For gannet, the descent speed of 4.3 ms™ is much greater than the ascent speed of 1.2 ms™, both
qguoted by Garthe et al. (2000). Depth distribution type ‘plunge-diving’ is used, which ensures that
the time to descend and to ascend are calculated separately and added to yield the time per dive at
risk depth.

(ii) ERM worksheet

Period data
A period of one complete year was selected.

Rotor data

Turbine details used in this Worked Example are the same as for WE1: 3-bladed turbines of
diameter 25m, blade width 0.75m from front to back, with a mean rotation speed of 6.95 rpm, non-
operational for 12.4% of time. Mean current speed during periods of operation 1.82 m s™.

Animal data
For each species, the animal density at risk depth D is copied over from the previous worksheet.

All the species are classed as diving birds. This forces the calculation to use the vertical swim speed,
not the horizontal swim speed, as the approach speed; for diving birds the horizontal swim speed is
not required. Mean bird length and wingspan are input, drawing data from Table 14. Vertical swim
speed is as in the density (diving birds) worksheet, except for gannet where a simple mean of the
descent and ascent speeds is used. Shape factor is taken to be 0.5 (as for marine animals) for birds
whose swimming action is foot-propelled, and 0.8 for wing-propelled birds which use their wings to
scull underwater.
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ERM encounter rate

The worksheet calculates the effective animal radius and the effective blade area, taking account of
the clearance required to miss a blade, and then calculates the number of encounters for the
selected period (1 year) for the given diving bird density D.

(iii) CRM worksheet

Period data
A period of one complete year was selected.

Rotor data

Rotor parameters were as for the ERM model, except for blade width. For the CRM model, the
blade chord width was taken as 1.5m, with a pitch at the tip of 5 degrees relative to the rotor plane.
The tapering blade profile was expressed in the table showing the blade chord width as a fraction of
the maximum chord width at intervals r/R from 0 to 1 in 0.05 steps. This is the default taper in the
spreadsheet — data are not yet available on the taper of an actual tidal turbine.

Animal data
For each species, the animal density at risk depth D is copied over from the previous worksheet.

All the species are classed as diving birds. Mean bird length and wingspan are input, based on
various sources. Because the birds are assumed to be diving downwards or surfacing upwards, the
role of length L and wingspan W are interchanged in the subsequent calculation. Data on bird swim
speeds are not required as the mean approach-to-rotor speed is taken as the current speed.

CRM collision rate

The worksheet calculates the total frontal area of the rotors, and hence (using the animal density)
the number of rotor transits per second. Using the diving bird dimensions, it also calculates the
mean probability of encounter for a single transit. Multiplying these gives the number of collisions
expected per year (before taking account of avoidance).

The CRM estimates transit rates through rotors (penultimate row ‘no of rotor transits in period’)
between 0.3 (gannet) and 119 (eider) per year, while the mean risk of a collision for any transit
(collision probability for single transit) varies with animal size from 22% (eider) to 37% (gannet).
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Table WE2 (i): Fall of Warness — diving birds- Density

Diving birds - density at risk depth

Species name
Observed density (per m?)

correct for proportion underwater?

Proportion of diving birds visible at surface

choose method for calculating overall dive frequency:

|
method 1

dive frequency foraging

|
method 2

dives per foraging trip

overall dive frequency

mean underwater duration of dive
watch period

proportion visible at surface

adjusted atsea density

Risk depth
rotor diameter

rotor minimum depth

Proportion of diving birds at risk depth
vertical swim speed

plunge speed

depth distribution type
time perdive atrisk depth
proportion atrisk depth

Density at risk depth

|
proportion of time foraging
-

foraging trips perday
|

D

2R

Qar

birds m”

. 4l
dives s

trips/day
dives/trip

a =l
dives s
s
s 0

1-F*max(0,t, ty)

birds m”

"
m

2.5

deep, shallow or
plunge-diving

ms”
ms™
s depends on dive type
FH
birds m* Da Qur/2R

red-throated

P,F, or GU/(24*3600)

eider . gannet cormorant black guillemo]
diver
3.08E-07 1.08E-08 3.67E-08 6.62E-08 5.71E-07
yes yes yes yes yes
method 1 method 1 method 2 method 1 method 1
60% 40% 0.558 100% 37.33%
1.91E-02 3.09E-02 : 6.852E-03 9.200E-03

1.15E-02 1.236E-02 3.75E-04 6.85E-03 3.43E-03
25.90 26.10 10.90 40.00 77.10
0.0 0.0 0.0 0.0 0.0
0.703 0.677 0.442 0.726 0.735
4.38E-07 1.59E-08 8.30E-08 9.12E-08 7.77€-07

eider red-tl'1roated gannet cormorant ',JlaCk

diver guillemot
1.65 1.65 1.20 1.65 1.48
4.30
SZ?\II:E;I- SZ?\II::gW- p(ljlij\;iz- deep-diving deep-diving

22.87 23.07 8.24 30.30 33.78
26.2% 28.5% 0.3% 20.8% 11.6%
4.5925-09| | 1.818E-10| | 1.0255-11| | 7.577E-10| | 3.605E-09
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Table WE2 (ii): Fall of Warness — diving birds - ERM

ERM

Period of assessment

time in period (secs)

Rotor data

number of rotors

rotor diameter

rotor radius

number of blades

rotor blade width

rotation speed

mean tangential blade speed
% time not operational

mean current speed (m s'l)

mean blade speed relative to water

Animal data

species

animal densityatrisk depth (c/f)
marine animal or diving bird?
length

bodywidth/wingspan

swim speed (marine animals only)
vertical swim speed

shape factor

ERM ENCOUNTER RATE
effective animal radius
effective blade area

swim speed used
encounterrate (unit density)
encounter rate (persec)

encounterrate (per period)

symbol

2R

VI’
nop

Ve

uorug

CERM

units
years

S

3

rrm

ms’

ms’

ms”

ms”

ms”

H -1
animals s
H -1
animals s

animals

1.0
3.15E+07
1
25
12.5
3
0.75
6.95
4.55
12.4%
1.82
4.90 V(v +v)
eider

4.59E-09

diving bird

0.6

0.94

1.65

0.50r0.8 0.5

W/f 0.235

(w+2r )(R+r) bB 46.61

u for birds; otherwise ug 1.65

A (u*+3v?)/3v 237.0

AD (u’+3v)/3v 1.09E-06

Cerm t (1-nop) 30.06
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red-
throated
diver

1.82E-10
diving bird
0.61

1.11

1.65
0.5

0.28
50.02
1.65
254.4
4.63E-08
1.28

gannet

1.02E-11
diving bird
0.94

1.72

2.75
0.8

0.69
84.11
2.75
455.4
4.67E-09
0.129

cormorant

7.58E-10
diving bird
0.9

1.45

1.65
0.5

0.36
56.92
1.65
289.4
2.19E-07
6.06

black
guillemot

3.60E-09
diving bird
0.31

0.55

1.48
0.8

0.22
45.41
1.48
229.2
8.26E-07
22.83



Table WE2 (iii): Fall of Warness — diving birds - CRM

CRM

Period of assessment

time in period (secs)

Rotor data

number of rotors

rotor diameter (c/f)
rotor radius
number of blades
maximum blade width
blade pitch at blade tip
blade profile

rotation speed

% time not operational

Current data

mean current speed (ms™)

Animal data

Species (c/f)
animal densityarrisk depth (c/f)
marine animal ordiving bird?

length
wingspan / bodywidth

CRM ENCOUNTER RATE

bodylength used perp to rotor

body width used in rotor plane

speed of approach used

total frontal area

encounter probability for single transit

no of rotor transits per second

encounter rate (persec) before avoidance

no of rotor transits in period

collisions in period before avoidance
ratio CRM/ERM

bl
symbol

c/C

nop

Ve

units
years

S

3

m

degrees

rpm

animals m”

animals

blade profile:

1.0
3.15E+07

25
12.5

1.5

6.95
12.4%

1.82

swap length & width for diving
swap length & width for diving
Ve
Brr(R+0.5W")?
pcoll
D Br[(R+05W')2 Ve
D(Bm(R+0.5W')* v, pcoll

D Br[(R+0.5W')2 v(1-nop)t

Cerm (1-nop) t

/R

0.050
0.100
0.150
0.200
0.250
0.300
0.350
0.400
0.450
0.500
0.550
0.600
0.650
0.700
0.750
0.800
0.850
0.900
0.950
1.000

birds
birds

c/C
0.690
0.730
0.790
0.880
0.960
1.000
0.980
0.920
0.850
0.800
0.750
0.700
0.640
0.580
0.520
0.470
0.410
0.370
0.300
0.240
0.000

red-
eider throated gannet cormorant E)Iack
diver guillemot
4.59E-09| | 1.82E-10| | 1.02E-11| | 7.58E-10| | 3.60E-09
diving bird diving bird diving bird diving bird diving bird
0.60 0.61 0.94 0.90 0.31
0.94 1.11 1.72 1.45 0.55
0.94 1.11 1.72 1.45 0.55
0.60 0.61 0.94 0.90 0.31
1.82 1.82 1.82 1.82 1.82
515 515 528 527 503
21.98% 25.19% 36.91% 31.80% 14.42%
4.30E-06 1.70E-07 9.86E-09 7.27€-07 3.30E-06
9.46E-07 4.29E-08 3.64E-09 2.31E-07 4.76E-07
118.8 4.7 0.3 20.1 91.2
26.1 1.19 0.101 6.38 13.2
0.87 0.93 0.78 1.05 0.58
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WE3: Pentland Firth — European shag

This worked example is drawn from Grant et al. (2014), section 3.5.2 of that paper. The calculations
are shown in Tables WE3 (i) and (ii) which calculate respectively the proportion of time spent at risk
depth by each bird on site, and the collision rate using the ETPM model which would cause a critical
adverse effect on the population. Only an outline is presented here — that paper should be
consulted for the population modelling aspects of the method, and for more detail on the choice of
input parameters.

A tidal array is envisaged comprising 100 turbines 20m diameter, sited within a seabed area of 1 km’
in the Pentland Firth. The blades are 0.5m deep back to front.

Exposure time is calculated, over a period of 12 months, for a population of European shag
potentially affected by the development.

The initial population size was set at 1181 individuals, based on an estimate of the adult breeding
population within a 20km radius of the site. January-April and August-December are treated as non-
breeding months, May as an incubation month, and June and July as chick-rearing months. Outwith
the breeding season, all 1181 were presumed to be foraging, while only 0.33 of the breeding adults,
plus all the immatures, totalling 775 birds, were presumed to be foraging at any one time during the
breeding season. Population modelling (not described in this guidance) led to an estimate that a
critical additional mortality of 60 birds per annum could lead to population decline.

Only a small proportion foraged at the development site, as there were other foraging areas within
range. The proportions were determined from boat survey counts of birds foraging within the site.
It is assumed that any necessary survey corrections — for distance/visibility, unidentified species,
nocturnal activity, watch time, or birds underwater — have already been made.

(i) Diving birds — density at risk depth

The diving birds density worksheet was used to establish the proportion of time spent at risk depth.
To get the overall dive frequency, method 2 was used, assuming 1 foraging trip per day during the
non-breeding and incubation months, and 3 foraging trips per day during the chick-rearing months.
Mean number of dives per foraging trip was taken as 26.6, drawn from Table 16, Section 8, with a
mean underwater dive duration of 41.7 seconds, drawn from Table 15. Using the ‘deep diving’
methodology of Section 4.4, and knowing the rotor diameter (20 m), and the vertical swim speed
(1.65 m s, the average of ascent and descent speeds in Table 15), the duration of dives at collision
risk depth was calculated at 24.2 seconds.

Multiplying by the overall dive frequency gives the proportion of time at risk depth as 0.75% in non-
breeding and incubation months, and 2.24% during the chick-rearing months. This data was then
transferred into the ETPM worksheet.

(Note that some rows are not used in deriving the proportion at risk depth: the observed density,
the watch period, the proportion visible at surface, the adjusted at-sea density, and the density at
risk depth. For this purpose, these rows can be ignored.)
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(ii) ETPM worksheet

The ETPM worksheet is then used to calculate the exposure time within the rotor swept volume.
The analysis is subdivided into individual months as in Grant et al. (2014). No account was taken of
non-operational time, that is to say non-operational time was set to 0%. The effect of deeming a
proportion of time non-operational would be to reduce the time that each bird is exposed to the risk
of an operational turbine.

The site area is taken, as above at 1km? or 10° m?. Itis important that this is the same area within
which animal presence on site (‘number on site’) is counted.

The swept volume of each rotor is the volume of a cylinder of radius equal to the rotor radius R plus
half the animal length 0.5L as clearance (i.e. R+0.5L), and length equal to the depth of the rotor
blades from front to back w, plus half an animal length 0.5L clearance at both front and back, i.e.
(w+L)™. European shag were taken to be 0.72m long, from Table 14 in Section 8.

The ETPM worksheet then calculates, for each bird in the population, the total exposure time within
the rotor swept volume: 6.7 secs over a full year. Using the critical mortality of 60 birds leads to a
value for a of 0.00757: a collision rate, for each bird within the combined rotor swept volume of the
100 turbines, of 1 bird every 132 seconds. Using somewhat different input parameters Grant et al.
(2014) obtained a value of one collision every 452 secs for the required collision rate, and concluded
that the additional mortality resulting from collisions could well exceed that threshold and hence
could have a serious effect on the shag breeding population.

'® Note that Grant et al. (2014) allow for a full animal length L as clearance, both at the tip of the blades and at
front and back when passing through the rotor, which leads them to slightly different results. Since the
position of an animal is identified by some central point, 0.5L clearance is sufficient and is used here for
consistency with the ERM and CRM approaches.

86



Table WE3 (i): Pentland Firth - European shag - Density

Diving birds - density at risk depth

Species name
Observed density (per m?)

correct for proportion underwater?

Proportion of diving birds visible at surface

choose method for calculating overall dive frequency:

b | b |
method 1 proportion of time foraging
b |

dive frequency foraging

b | b |
method 2 foraging trips perday
b |

dives perforaging trip

overall dive frequency
mean underwater duration of dive A
watch period A
proportion visible at surface A
adjusted atsea density h
Risk depth
rotor diameter A
rotor minimum depth A
Proportion of diving birds at risk depth
vertical swim speed h
plunge speed A
bl
depth distribution type
time perdive atrisk depth A
b |

proportion atrisk depth

Ds

2R

birds m™

o -1
dives s

trips/day
dives/trip

a -1
dives s
s

S

birds m”

ms”

ms”

other months Jun/July

european shag european shag

yes yes

method 2 method 2

1 3

26.6 26.6

P,F, or GU/(24*3600) 3.08E-04 9.24E-04

41.70 41.70

0 0.0 0.0
1-F*max(0,t,-t,) 0.987 0.961

0.00E+00 0.00E+00

2.5

european shag european shag

1.65 1.65

d , shall
eep, shatiow or deep-diving deep-diving

plunge-diving
depends on dive type 24.24 24.24
FH 0.75% 2.24%
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Table WE3 (ii): Pentland Firth — European shag - ETPM

ETPM

Period data
Period (days)

Period (seconds)

Rotor data

area of site

number of rotors

rotor diameter

rotor radius
number of blades

rotor width from front to back

% time not operational

Animal data

species name

target population
numberon site

proportion foraging on site
critical added mortality
length

EXPOSURE TIME

prop of time atrisk depth per bird on site

volume of sea atrisk depth
rotor swept volume
Viotor @S prop of volume atrisk depth

individual bird exposure time in Voo

Collision rate
annual exposure time per bird
critical collision rate per bird exposed

needs one collision every

Asite

2R

nop

QZ R

Vrotor
S
T

Qmax

1/0max

days

2
m 1000000

m 100
m 20
m 10
3
m 0.5
0.0%
1181
-
60
m 0.72
-
N 3
m 20720000
bl
m’ 41137

days * 24*3600

(c/f)

numberon site/N

FH
(2R+L)*Asite
B mt(R+0.5L)% (w+L)

Jan
31

Feb Mar Apr
28 31 30

May
31

Jun
30

2678400 2419200 2678400 2592000 2678400 2592000

European shag
1181
14

1181

1181 1181
9.9 18 7.5

775
10

775
6.4

1.19E-02 8.38E-03 1.52E-02 6.35E-03 1.29E-02 8.26E-03

0.75%

1.99E-03 m(R+0.5L) (w+L)/(2*Agre)

seconds 6.7
s 4l
3 0.00757
|
seconds 132

Q) PSt(1-nop)

n/NT

0.47

0.75%

0.30

0.75%  0.75%

0.60 0.24

88

0.75%

2.24%

Jul Aug
31 31
2678400 2678400

775 1181
141 123
1.82E-02 1.04E-02

2.24% 0.75%

0.41

Sep Oct Nov Dec
30 31 30 31

2592000 2678400 2592000 2678400

1181 1181 1181 1181
139 3.6 124 2.2
1.18E-02 3.05E-03 1.05E-02 1.86E-03

0.75% 0.75% 0.75%  0.75%

all year
365
31536000

6.71



WE4: Pentland Firth - Atlantic salmon

This worked example is based on an assessment by Xodus Environment of the collision risk to
Atlantic salmon from a proposed array of 86 tidal turbines sited in the Pentland Firth (Xodus 2012),
but the method has been refined to make use of new depth distribution data. The calculations are
shown in Table WE4 (i) and (ii) which calculate respectively the proportion of salmon at risk depth
and, using the CRM model, the resulting collision rate before avoidance.

Estimates were compiled from a number of sources, including records from rivers throughout the
Scottish north and east coasts, of the total number of smolts and returning mature salmon migrating
through the Pentland Firth. Adult salmon were subdivided as grilse (one winter at sea) and MSW
(multiple sea winter) salmon. 88% were estimated to originate from east coast rivers, and 90%
were thought to migrate through more northerly channels.

It was assumed that each fish would make just one transit through the Firth per year, and that such
transits were uniformly distributed across the channel (eg they were not bunched close to shore).
This current example uses 6607314 smolts, 244969 grilse and 182672 MSW salmon as the estimated
number of salmon passages through the Pentland Firth in a year.

Such data lends itself to calculating the number of rotor transits per year directly, without
considering the areal density of fish. Additions have therefore been made to the CRM worksheet to
include these calculations.

(i) Density at risk depth

The proportion of salmon swimming at risk depth is calculated within the ‘Density — marine animals’
worksheet using the function within the spreadsheet for dive type ‘Atlantic salmon’; this is based on
data recently available on the swim depths of homing Atlantic salmon in Scottish waters (Godfrey et
al. 2014). Assuming that the 20m diameter turbines have a minimum depth of 8m yields a
proportion 10.6% of salmon within risk depth. This key figure is then copied forward into the CRM
worksheet. This figure has been used for all three age-classes of salmon though in reality smolts may
be much more concentrated within the surface 0-8m water layer.

(ii) CRM worksheet

This worksheet firstly calculates the mean collision probability for a single transit through a rotor,
using the CRM model. In this case the assumption in the CRM of perpendicular approach to the
rotor plane seems a reasonable model. Smolts will be swept by the tidal current, and the rotors
align themselves at right angles to the current. Migrating grilse and MSW salmon are thought likely
to be swimming with the current, using the current to aid their migration.

The proposed array consisted of 86 turbines, 20m diameter, 3 blades per rotor of maximum width
2.3m, pitch at blade tip 10 degrees and rotational speed 20rpm. It was assumed that installation
would have a minimum depth of 2.5m as a ‘worst case’. The proportion of non-operational time,
allowing for slack currents, was estimated at 17.3%. Fish dimensions are as estimated by Xodus
(2012): 15 cm x 2 cm (smolts), 67 cm x 12 cm (grilse), and 79 cm x 14 cm (MSW salmon). Swim
speed through the turbines was taken for all salmon types as the mean tidal speed (2.5 ms). For
grilse and MSW salmon, this may be an underestimate if the majority swim with the current. The

89



collision probability for a single transit is calculated at 11.6% for smolt, 32.4% for grilse, and 37.2%
for MSW salmon, demonstrating increased risk with size.

Applying the proportion of salmon at risk depth to the number of salmon passages through the Firth
yields the number of passages at risk depth. At its narrowest point the Pentland Firth is around
7000m wide. To get the number passing through rotors, the number of passages at risk depth is
multiplied by the ratio of the frontal area of all the rotors (86 x 1t (10 m)?) to the cross-sectional area
of the channel at risk depth (7000m x 20m). Finally, this is reduced as usual by the factor (1-nop) to
take account of the proportion of time the turbines are non-operational. The result of these
calculations yields the number of transits through rotors per year: 112,516 for smolts, 4214 for
grilse, 3148 for MSW salmon.

Multiplying the number of transits through rotors by the single transit risk gives the collision rate, for
each of the groups, before considering avoidance:

Potential collisions per year, with no avoidance assumed, are:
smolts 13,054 grilse 1365 MSW salmon 1171

With an avoidance rate of 95%, the number of collisions per fish would be:

smolts 653 grilse 68 MSW salmon 59

Note that these results differ from those quoted by Xodus Environment; the differences are due to
e the full frontal area of all 86 turbines being taken into account, with no reduction for
overlap;
e the use of the Godfrey et al. depth distribution rather than a uniform distribution
o arefinement in the calculation to take better account of blade twist
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Table WEA4 (i): Pentland Firth — Atlantic salmon - Density

Marine animals - density at risk depth

Species name
Observed density (per m?)

correct for proportion underwater?

Proportion of animals visible at surface

mean underwater duration of dive

b |
mean surface time

|
overall dive frequency

b |
watch period

b |
proportion visible at surface

b |
adjusted at sea density
Risk depth

b |
rotor diameter

b |
rotor minimum depth

|
channel depth
Proportion of animals at risk depth

b |
depth distribution type

b |
vertical swim speed

|
time perdive atrisk depth

b

proportion atrisk depth

. -2
Ds animals m
ty s
t s
g -1
F dives s
ty S
o 2
Da animals m
2R m
m
m
-1
u msS
H s
QZR

1/(ty+ty)
10
1-F*max(0,t,-t,)
20.0
8.0
35

atlantic
salmon

FH 10.65%
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Table WEA4 (ii): Pentland Firth — Atlantic salmon — CRM

CRM

Period of assessment

time in period (secs)

Rotor data

number of rotors

rotor diameter (c/f)
rotor radius

number of blades
maximum blade width
blade pitch at blade tip
blade profile

rotation speed

% time not operational

Current data

1
mean current speed (ms™)

Animal data

Species (c/f)

animal densityarrisk depth (c/f)
marine animal or diving bird?
length

wingspan / bodywidth

CRM ENCOUNTER RATE
bodylength used perp to rotor
body width used in rotor plane
speed of approach used

total frontal area

encounter probability for single transit

no of rotor transits persecond

encounter rate (persec) before avoidance

no of rotor transits in period

collisions in period before avoidance

ratio CRM/ERM

A
symbol

~<

c/C

nop

Ve

pcoll

Cerm

units
years

S

3

m

degrees

rpm

. -3
animals m

animals

blade profile:

1.0
3.15E+07

86
20
10

2.3

10
<--

20.00

17.3%

25

R c/C

0 0.690
0.050 0.730
0.100 0.790
0.150 0.880
0.200 0.960
0.250 1.000
0.300 0.980
0.350 0.920
0.400 0.850
0.450 0.800
0.500 0.750
0.550 0.700
0.600 0.640
0.650 0.580
0.700 0.520
0.750  0.470
0.800 0.410
0.850 0.370
0.900 0.300
0.950 0.240
1.000 0.000

swap length & width for diving birds

swap length & width for diving birds

Ve
Bri(R+0.5W')?
pcoll
D Bri(R+0.5W')% v,
D(Bm(R+0.5W")? v, pcoll

D Br(R+0.5W')? v(1-nop)t

Ceam (1-nop) t

no of salmon through channel
proportion atrisk depth

no of salmon atrisk depth
channel width

rotor transits in year

rotor transits while operational

collisions before avoidance

9

salmon
1sw

salmon smolt

salmon
MsSwW

[ oooerool | o.00e+00] [ o.00e+00

marine animal marine animal marine anima

0.15 0.67
0.02 0.12
0.15 0.67
0.02 0.12
2.50 2.50
27072 27343
11.60% 32.40%
6607314 244969
10.65% 10.65%
703651 26088
7000 7000
136065 5095
112526 4214
13054 1365

2

0.79
0.14

0.79
0.14
2.50
27397
37.20%

182672
10.65%
19454
7000
3807
3148
1171
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