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1 Introduction 

1.1.1 It is possible for any fish in Swansea Bay or the Bristol Channel, throughout its 

natural life cycle, to entirely avoid the turbine and sluice gate housing structure of 

Tidal Lagoon Swansea Bay (TLSB). TLSB does not impound any river and 

therefore migratory fish will not be compelled to pass through the turbine and 

sluice gate housing structure and enter the lagoon in order to complete their 

lifecycle. This is in contrast to existing run-of-river hydropower schemes, tidal 

barrages or marine hydrokinetic (MHK) turbines which are often situated in the 

path of fish migratory routes in constrained hydrological situations.  In these 

examples, in order to maintain their natural life cycle, the individual fish have little 

choice but to encounter the turbines, show an altered behaviour to swim around 

MHK devices, locate and use alternative routes such as fish passes or spillways or 

remain in-situ against their migratory instincts.   

1.1.2 The calculation of fish mortalities caused by the turbine operation of TLSB have, 

to date, been based solely upon the assessment of encounter risk (of the turbine 

and sluice gate housing structure) and injury risk (of fish passing through the 

turbines). The assessments are precautionary in that they assume: 

 That all encounters with the housing structure result in a fish passing 

through the turbines, and not swimming away to avoid the turbines; and 

 That all injuries received from the turbine result in a mortality.  

1.1.3 It is recognised that this approach, of considering encounter and subsequent 

injury rates is, in reality, unrealistic given that it  does not take into consideration 

any behavioural response that fish may exhibit: either in the far-field (i.e. at >50m 

from the turbine intakes), in the near-field (i.e.<50m from the turbines) in order to 

avoid the encounter.  

1.1.4 What constitutes avoidance behaviour can involve a switch in rheotaxis, a change 

in depth, a change in swim speed, C-start response or simply retreating 

“upstream” away from a perceived hazard.  There is much anecdotal evidence for 

avoidance behaviour around hydropower turbines, intakes and MHK turbines 

and a number of indirect scientific references. However, until very recently there 

were was limited direct experimental or field based evidence available.  

1.1.5 For this reason, to date, avoidance behaviour has not been included as a 

parameter in the Individual-Based Model (IBM), Draw Zone (DZ) or Alternative 

Draw Zone (ADZ) models used to quantify fish encounter rates with the turbine 

and sluice gate housing structure for the TLSB Development Consent Order and 

Marine Licence applications.  However, there is now a large body of recent 

scientific evidence which supports the existence of avoidance behaviour and 

details avoidance rates around manmade structures, such as hydropower dams 

and MHK turbines.  These structures create comparable conditions and stimuli to 

the TLSB housing structure which can be detected by fish including; accelerating 

flows (steep velocity gradients), underwater noise (both hydrostatic pressure and 
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particle motion) and visual stimuli. It would therefore be an unrealistic 

assessment if avoidance rates were not included as a modelling parameter. The 

desirability of information on such a parameter was recognised during fish impact 

modelling discussions between TLSB, Cefas and NRW (TE), and acknowledged as 

relevant by all parties involved.  

1.1.6 This approach is supported by the inclusion of an avoidance factor in recent 

guidance provided by Scottish Natural Heritage (SNH) for marine renewable 

energy developers in Scotland (SNH, 2016b). Furthermore, a study commissioned 

on behalf of the Welsh Government (ABPmer, 2010) sought to provide an 

objective assessment of fish impacts from wave and tidal devices identified four 

key factors influencing overall fish collision risk:  

 Exposure to sites; 

 Long range avoidance;  

 Close range avoidance; and  

 Collision damage. 

1.1.7 Finally, NERC acknowledge the possible long range avoidance behaviours of 

certain species to MHK turbines (wave and tidal) suggesting that this can occur up 

to 300m from tidal devices (NERC, 2013).  

1.1.8 The objective of this paper is to identify a range of avoidance rates from recent 

studies, which can be employed within the ‘Monte Carlo’ analysis (MCA) within the 

ADZ models.  MCA is a recognised technique used within numerical analysis and 

risk management.  

1.1.9 Initially a review has been undertaken of the TLSB project, identifying areas where 

stimuli will be present to warn fish.  Subsequent to this an overview is provided of 

systems used by fish to understand their environment.  Details of studies where 

avoidance around turbines has been recorded both within flumes and within the 

open sea are presented along with a comparison of avoidance usage in bird 

modelling. Finally, avoidance parameterisation for the MCA of the ADZ is 

discussed. 
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2 Turbine and Sluice Gate Housing Structure 

2.1.1 The TLSB turbine and sluice gate housing structure will be a large concrete 

structure which is positioned on the sea-bed, approximately 28m in height, 

67.5m wide and 400m in length.  The housing structure will be set down into the 

seabed at approximately 14.5m below chart datum (CD) from its current seabed 

level of between-3m to -4mCD. There will be16 inlet/draught tubes (that will not 

be lit) leading to the turbines situated in the middle of the structure and there will 

be 8 sluice gates.  When the turbines are operational, accelerating water flows of 

up to 1.2ms-1 outside the inlet and draught tubes will be present, rising to axial 

water velocities of up to 12ms-1 when passing through the rotating parts of the 

turbines. In peak operation each of the 16 turbine units passes flows in excess of 

400m3s-1.  

2.1.2 Unlike powered pumping stations, the variable speed tidal turbines will only 

rotate as fast the water propelling them. At turbine start up, the wicket gates will 

open and the blades will gradually accelerate.  This will enable any fish at the face 

of the turbine house to move away, or allow fish within the turbine structure to 

exit via the intake or draft tubes prior to the turbines and flows reaching their 

optimum operational speed.   

2.1.3 Overall there are several aspects of the turbine and sluice gate housing structure 

that may trigger avoidance behaviour; the visual appearance of a large structure, 

position of the structure in the water column, accelerating flows around the 

structure, and turbine operation and water flow noise. These have been shown in 

a variety of empirical observations for other comparable projects, structures or 

hydrodynamic or acoustic conditions, to elicit active avoidance behaviour in fish 

as discussed further below.   

Noise 

2.1.4 Underwater noise will be generated by the turbines from a combination of 

sources including the opening of the wicket gates, rotating electro-mechanical 

turbine components and the significant water flows through and around the 

structure, with the latter being to a greater degree than that generated by single 

MHK turbines. This has been acknowledged by Cefas as a reasonable 

assumption. 

2.1.5 As part of the DCO and Marine Licence submission, conservative estimates of 

noise generated by the turbines were produced based on work by Anderson et al 

(1989). These estimates, provided in Table 2.1 below, show increased noise levels 

approaching the turbines which  even at distance they are above the published 

hearing thresholds for many species as collated in Normandeau Associates 

(2012). Taking into consideration the ambient noise levels in Swansea Bay once 

operational, the Project was not anticipated to increase underwater sound levels 

apart from in close proximity to the housing structure. This increase in sound 

levels will allow close proximity avoidance.  In addition to turbine noise water 

flowing through the structure is also likely to generate noise. 
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Table 2.1: Predicted underwater noise levels for turbines at a range of distances from the 

turbine and sluice gate housing structure (from TLSB Environmental Statement Volume 1 

Chapter 19) 

Distance from 

turbines 

25m 50m 100m 200m 300m 400m 500m 750m 1000m 

Turbine Noise 

(dB ref 1µPa) 

103 97 91 85 81 79 77 73 71 

Flows 

2.1.6 Flows outside the turbine and sluice gate housing structure have been modelled 

using a 2D hydrodynamic model using the Delft software.  An example of the 

output from the model is provided in Figure 2.1 below. Whilst the flows within 

Swansea Bay are generally between 0.2ms-1 and 0.4ms-1 (royal and light blue), this 

illustration shows a distinct zone where the flows accelerate in front of the 

turbine and sluice gate housing structure (termed the ‘Draw Zone’ for the 

purposes of TLSB’s wider assessment of fish encounter rates with the Project) 

and the plume exiting from the turbine and sluice gate housing structure into the 

lagoon. The flows in these areas increase from 0.8 ms-1 (orange) to 1.2ms-1 

(brown). 

Figure 2.1 Flow speeds outside the turbine and sluice gate housing structure of TLSB during 

peak flows of a spring tide (e.g. maximum flows) in the flood generation phase. The 

larger discharge plume within the lagoon is a result of the lagoon being shallower 

than the outer Swansea Bay during this generating phase. 
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2.1.7 Concern has been expressed that fish using selective tidal stream transport 

(STST) may be attracted towards the flows entering the lagoon during flood 

generation. However, other tidal streams will be present within Swansea Bay and 

the wider Bristol Channel and fish will need to be close to the lagoon in the first 

instance in order to detect the lagoons inflowing currents. As such fish may opt to 

follow the natural currents in preference to the current entering the lagoon. This 

is possible given the fact that the flow into the lagoon will be significantly stronger 

than the local Bay flows, will only commence several hours into the flood tide 

cycle (see Figure 2.2 below which illustrates the generation cycle in relation to 

tidal cycle) and will continue into the start of the ebb tide, by which time 

individuals moving at the head of the tide will have passed.  

Figure 2.1 The 24 hour Generation Profile for TLSB. Illustrating the delayed flood generation 

which commences more than 4 hours into the flood tide when water levels have 

risen by over 4 metres outside the lagoon.  

2.1.8 Whilst individuals of some species do follow the direction of flow in their 

migratory or foraging movements, they do not do this whilst abandoning their 

natural evolutionary survival instincts and without maintaining awareness of 

potential threat or danger. This is evidenced by smolts during their downstream 

migration to the sea, being delayed at riverine or estuarine barriers, which their 

migratory instincts are compelling them to move over with the flow but the 

presence of the structure, accelerating flows or pressure changes are causing 

some individuals to avoid doing this initially.  
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3 Fish Sensory Adaptations 

3.1 Introduction 

3.1.1 Fish have evolved a wide array of sensory systems which enable them to 

perceive their environment and detect potential threats over considerable 

distances even in dark and turbid conditions.  The main systems being vision, 

hearing (both hydrostatic pressure and particle motion components), lateral line 

(which detects hydro-mechanical stimulation such as flow acceleration) and 

olfaction (which senses the change in chemical composition of the water). 

3.2 Hearing 

3.2.1 Sound detection is likely to be a very important component of how a fish senses 

the environment as visual signals are only effective if there is adequate light and 

low turbidity.  Chemical signals (smell), unlike sound, do not carry over long 

distances with any speed or directional characteristics. However, sound has the 

potential to provide fish with information about the environment from 

considerable distances, at high rates of speed, and with significant directional 

information (Popper and Schilt, 2005). Due to seawater being a relatively dense 

medium sound travels 4.5 times faster than in air (average of 1560ms-1 in 

seawater compared with 343ms-1 in air).   

3.2.2 For most species, a tidal turbine will first be detected by hearing (Copping et al., 

2013; Pearson et al., 2010). Fish hearing is generally well developed and allows 

fish to detect sound over a wide frequency spectrum, with high sensitivity at low 

frequencies (Hawkins, 1981). Loeffelman et al. (1991a, 1991b) and Klinect et al. 

(1992) discovered that underwater machinery noise emitted by bulb turbines at 

the Racine hydroelectric power plant on the Colombia River in the USA caused 

fish to avoid areas close to the turbine intakes. The turbines being used for TLSB 

are bulb turbines similar in nature to those at Racine. It is very likely, therefore, 

that the noise of the turbines will act as a deterrent to some proportion of the 

fish swimming in the vicinity of the turbine and sluice gate housing structure. 

3.3 Vision 

3.3.1 Visual sensing is important among fish and most species have particularly well 

developed abilities to differentiate contrasting objects from the background 

(Douglas and Hawryshyn, 1990). Large and/or moving objects are known to 

evoke visually mediated startle responses (Guthrie, 1986) and the visual stimuli 

of the turbine and sluice gate housing structure or dark draught tubes may be 

an effective trigger of fish avoidance, as other visual stimuli have been shown to 

be in the case of fish approached by fishing gear (Wardle, 1986; Glass and 

Wardle, 1989). 
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3.4 Particle Motion Detection  

3.4.1 Fish have highly adapted mechanoreceptory systems and are adapted to living in 

dark, turbid, and often turbulent conditions. Neuromast cells are situated in the 

lateral line in running along the length of the fish and the infraorbital canal 

covering the head of the fish.  The lateral line enables the fish to detect weak 

water motions and changing pressure gradients (Bleckmann et al., 2008). One 

study demonstrated the ability of herring to detect, and strongly avoid, a 

vibrating object in darkness which was passed when not vibrating. The fish in the 

experiment were able to adapt their avoidance response according to the 

urgency of the situation (Blaxter and Batty, 1985). 

3.4.2 In addition to underwater noise and visual cues there is a significant body of 

research which shows fish demonstrating avoidance behaviour due to steep 

water velocity gradients sensed through their lateral line system. Accelerating 

water velocities have been found to cause stress and obstruct migrations of fish 

species such as salmonids, eels and shads (Haro et al., 1998; Russon and Kemp, 

2011) and therefore fish will seek to avoid these if possible.  

3.4.3 In the case of TLSB, fish will have even less desire to enter accelerating water 

velocities than reported by Haro et al. and Russon and Kemp as they have no 

migratory ambition to enter the lagoon, whereas these studies were conducted 

on existing barriers on riverine migratory routes.   

3.4.4 Piper et al. (2015) investigated the response of eels to manipulated flow fields 

through a barrier, showing that fish tended to escape upstream of a barrier 

when flow was constricted. In the case of TLSB, as fish will not need to escape 

upstream to avoid the flow field, they can continue on their migratory passage to 

avoid the flow field. Piper et al. (2015) found that 71% of migrating eels rejected 

entering an accelerating flow field (flow velocities up to 1.17ms-1) and showed 

avoidance behaviour to move away from the area. Similar conclusions were also 

drawn by Monk et al. (1989), Kemp et al. (2005), Jansen et al. (2007), Kemp et al. 

(2008), Enders et al. (2009), Calles et al. (2010), Enders et al. (2012), Vowles et al. 

(2014) and Haro and Castro-Santos (2015) for a variety of species and 

environmental conditions.  

Avoidance of turbines by eels was also evidenced using Didson cameras to 

record fish behaviour at a tidal turbine in the Netherlands (Smit et al., 2016) and 

previous tagging studies evidenced a reluctance by eels to pass through turbines 

on the River Meuse (Winter et al, 2006). 
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4 Flume Experiments 

4.1.1 Amaral et al. (2015) evaluated responses of juvenile hybrid striped bass, rainbow 

trout and white sturgeon to varying current velocity and light conditions in flume 

experimental conditions, with an aim to investigate how many avoided 

entrainment through a ducted axial flow turbine. The species were chosen to 

represent a range of different morphologies and behaviours. The turbine itself 

rotated at between 40 and 125rpm with flows of between 1 and 3ms-1 in the 

flume. These flow speeds are comparable with the turbine inlets at TLSB and the 

runner rpm encompasses that for TLSB. In addition, the experiment simulated 

an open ocean situation where the fish could escape horizontally in any direction 

away from the turbine. 

4.1.2 Fish were released only 1.5m upstream of the turbines into flows heading 

through the turbine and so had little time to consider their approach. The 

authors found that depending on light conditions and current speeds, up to 99% 

of the fish showed an avoidance behaviour to the turbine, passing by it in an 

area of the flume where they would not be at risk of collision. The range of 

avoidance values obtained from water flow velocities of 1.1ms-1 and 2.0 ms-1 was 

as follows: 

 Rainbow trout  -  94% - 98% avoidance 

 White sturgeon – 77% - 99% avoidance  

 Hybrid striped bass - 41% - 81% avoidance 

4.1.3 Whilst this is a flume experiment conducted with an MHK turbine, it shows an 

instinctive reaction by fish upon either seeing, hearing or sensing a turbine to 

move away from it. The majority of adult fish being considered for TLSB have 

maximum sustainable or burst swimming speeds sufficient for them to easily 

escape the flows outside of the turbine inlets should they wish, and some more 

adept swimmers, such as adult salmonids, may be able to escape even when well 

into the turbine hydraulic passage (inlet). 
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5 Open Ocean Studies 

5.1.1 Hammar et al. (2013) deployed a vertical MHK turbine in the centre of a passage 

strait off the coast of southern Mozambique and monitored it via optical 

cameras. Monitoring was also conducted for periods without deployment of the 

turbine as a control sample. Flows through the strait were between 0.25 and 

1.4ms-1, a similar range of flow speeds to those encountered outside the turbine 

and sluice gate housing structure for TLSB.  

5.1.2 Unlike the fish in Swansea Bay, the fish approaching the Mozambique MHK 

device had the option of navigating around a single turbine device whilst 

swimming through the strait. This is a fundamental difference between this site 

and Swansea given that fish cannot navigate around each tidal lagoon turbine in 

order to enter the lagoon due to the presence of the lagoon wall on either side.   

5.1.3 However, the authors found that rather than fish preferring to navigate around 

the device in the experiment, the results of the monitoring showed a heavily 

reduced passage of fish through the strait itself when the turbine was present. 

The numbers of fish reduced from an average of 10.5 specimens per 10 minutes 

without the device to 0.1 specimens per 10 minutes with the device (less than 

1% of the baseline number of recorded individuals). Therefore, rather than fish 

still entering the strait and navigating around the device, they avoided the strait 

altogether. This offers comparability for TLSB as this shows fish avoiding an area 

because of a structure and altered flow field, rather than attempting to navigate 

around it.  

5.1.4 Whilst individuals may not be able to navigate around a single turbine at TLSB, 

and thus avoid encounter/injury, individuals heading towards the turbine and 

sluice gate housing structure may divert widely to either side when the structure 

comes into sight, is heard or the vibration or accelerating flow is felt. As the 

lagoon does not block any natural migratory corridors, individuals will not have 

any migratory ambition to enter the lagoon. 

5.1.5 Viehman (2012) also reported avoidance behaviour for fish passing through a 

strait in the Gulf of Maine, and encountering an MHK device. Monitoring 

conducted by Verdant Power in the East River in New York (2010) also showed an 

active avoidance by a shoal of fish that diverged on approach to the MHK device 

present. 

5.1.6 A programme of monitoring conducted on the same in-situ MHK device as 

investigated by Viehman (2012) has yielded further evidence of behavioural 

responses by fish to these structures. Viehman and Zydlewski (2014) showed a 

greater avoidance by shoals to this device from static hydroacoustic monitoring, 

and evidence of fish showing altered behaviours upon approaching the device 

through changes of direction or full reversals.  

5.1.7 Shen et al. (2016) used both static and mobile hydro-acoustics to show that over 

37.2% of fish showed some level of altering of swimming paths and directions at 
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distances of between 10m and 140m from a device to avoid it (i.e. far-field 

avoidance). This was beyond the range of altered flow fields for the device 

studied and therefore indicates either a potential visual, aural or lateral line cue 

at some distance. Therefore, altered behaviours may be expected some distance 

from a device, and in the case of TLSB will be in many cases prior to fish 

encountering any accelerating flows giving fish the opportunity to avoid at a very 

early point. The overall study found that 56.8% of fish avoided the device 

altogether, so of those fish avoiding the device over 65% shows some form of 

active behavioural change to do so. 

5.1.8 Viehman (2016) has recently reported the avoidance behaviour of fish on their 

approach to a MHK device that was non-operational (not rotating) indicating that 

the physical, static structure was being detected from a distance and avoidance 

behaviour taken.  

5.1.9 Finally, and as discussed in Section 4 above, studies at the tidal turbine site of 

Den Oever, Netherlands using a Didson high resolution hydro-acoustic camera 

provided footage of eels moving away from turbine blades and swimming 

upstream (Smit et al, 2016) close to the point where flow speeds exceeded 5ms-1. 
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6 Comparison with Avoidance of Wind Turbines by Birds 

6.1.1 A recent NERC report (NERC, 2013), stated that opportunities should be taken to 

adapt current modelling techniques for different applications and that this could 

yield benefits to the marine energy industry. NERC cited the Band et al. (2005) 

model, which was developed to assess bird collision risks. Recently this model 

has been used to assess fish collision risks and this was accepted by Scottish 

Natural Heritage (‘SNH’). A generic model has subsequently been developed on 

behalf of SNH (SNH, 2016b) to aide tidal energy developers model collision risk of 

fish and marine mammals with underwater turbines. 

6.1.2 When on-shore and off-shore windfarms were first constructed in Scotland there 

was concern expressed about potential bird losses as a consequence of the 

turbines being constructed on flight paths or in breeding and feeding areas. 

Scottish Natural Heritage (SNH) worked with a partnership of third party 

organisations such as the BTO and RSPB, regulatory bodies and private 

developers to produce guidance for future schemes.  Their original models (SNH, 

2000) only considered encounter and injury rates but were subsequently 

developed to incorporate an avoidance factor (Band et al., 2007).   

6.1.3 When SNH first included an avoidance factor within its bird collision risk model, a 

general precautionary avoidance rate of 95% was recommended. This was based 

solely on expert opinion, with little or no empirical basis, as no sound, relevant 

data were available at that time. In more recent years, some flight activity and 

carcass search data have become available, and avoidance rates have been 

empirically derived for several species and updated accordingly (SNH pers. 

comm., 2016). 

6.1.4 The latest SNH update was published in October 2016 (SNH, 2016a) and in the 

majority of cases where avoidance rates have been revised, they are higher than 

95%, and a default avoidance rate for species without specific data is now 

recommended to be 98%. 
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7 Avoidance Parameterisation for fish 

7.1 Overview 

7.1.1 The inclusion of the potential for fish to exhibit a behavioural response to avoid 

encountering the turbine and sluice gate housing structure within the Alternative 

Fish Impact Assessment models is accepted and supported by a range of recent 

empirical studies as discussed in Sections 2 to 5 above, and summarised in 

Appendix A. In determining likely avoidance responses consideration must be 

given to both the capacity of fish to detect changes in the aquatic environment 

and their ability (and propensity) to take avoidance action.  

7.2 Capacity to Detect Stimuli 

7.2.1 When considering the parameterisation of an avoidance response the focus has 

been placed upon the fish's' ability to avoid and the known swimming speeds of 

the fish species and lifestages, rather than an assessment of their highly 

developed sensory perception, given the uncertainty regarding which particular 

‘sensory system’ fish are using to take avoiding action (e.g. hearing / vestibular / 

hydro mechanical stimulation).  Whilst the presence of these key sensory 

systems is widely recognised, and all species must have some degree of sensory 

detection ability to ensure survival, the relative importance of each system to 

various species is less well understood. Historically fish were defined as being, 

for example, ‘hearing specialists’ or ‘generalists’ however for species with poorer 

hearing abilities the importance of the other senses, and the detection, by fish, of 

underwater acoustic stimuli in the form of sound pressure waves and/or particle 

motion, is recognised (Kunc, 2014). For example, demersal species such as plaice 

do not possess a swimbladder and are therefore poor at detecting sound. They 

therefore rely on particle displacement in order to sense their surroundings 

(Turnpenny and Nedwell, 1994). 

7.2.2 Importantly, such stimuli is not impeded by low light or obstructions, factors 

which would significantly impede visual sensory ability (Slabbekoorn et al., 2010) 

at night or in turbid tidal conditions. It is also acknowledged that man-made 

underwater structures will produce mechanosensory stimuli that can be 

detected and responded to by fish (Popper and Schilt, 2005).  

7.3 Near and Far Field avoidance 

7.3.1 Research to date indicates that avoidance can occur over a range of distances, 

from within the immediate proximity of the turbine blades (near-field) to 

avoidance at relatively long distance (far-field). NERC (2013) acknowledges that 

the successful avoidance of turbines is assisted by visual acuity and the 

swimming ability of different species in addition to their near-field behavioural 

response. 

7.3.2 Current evidence suggests that hearing sensitive fish (such as herring Clupea 

harengus) may be able to detect and avoid operational tidal devices at distances 



 Tidal Lagoon Swansea Bay  

 

Tidal Lagoon Swansea Bay – Turbine Avoidance Behaviour of Fish Page 13 

TLSB_ML_Fish May 2017_Avoidance  
  

between 120 and 300m (depending on the depth of the water) even when 

background noise levels are comparatively high (NERC, 2013).  

7.3.3 Shen et al. (2016), reported changes in behaviour between 10m and 140m from 

hydro-kinetic turbines operating in Cobscook Bay, USA. At such distances, the 

ability to detect sound pressure waves or particle motion must be a key factor, 

given that fish would not be able to see the turbines in the marine environment.   

7.3.4 Studies by Viehman (2016) revealed avoidance taking place over 10m distant 

from a turbine even when it was non-operational indicating that there was 

detection of the structure itself even when static. It has also been proposed that 

some fish species would undertake avoidance responses from as far as 333m 

under certain conditions (Pearson et al., 2010).  

7.3.5 Finally, monitoring of eel migration passed a hydropower station on the river 

Meuse provided evidence that indicated 33-39% of eels avoided following the 

main flow of the river (which would take them to the turbines) and that they 

started to do so at least 200m from the power generation site. (Griffioen et al., 

2015). 

7.4 Ability to Avoid 

7.4.1 Fish with higher sustainable swim speeds will be best able to avoid entrainment 

and impingement of any device by swimming away from areas of elevated flow 

velocities. Body shape, size and function are key factors in determining 

swimming capacity with larger fish having a greater swimming ability (Beamish, 

1978). These larger fish may be more successful at last minute evasion of 

turbines (Viehman, 2016).   

7.4.2 Conversely, larval stages and juveniles of some species, for example glass eels 

and lamprey transformers, whilst capable of active swimming have poor 

swimming ability and are largely reliant upon tidal currents for transportation. 

Little is known about how they make the transition from inshore waters to 

migration into estuaries and subsequently freshwater (Arai, 2016). Such 

lifestages will have less opportunity to avoid entry into the turbines, than 

stronger swimming fish, if carried by tidal currents, as such they have therefore 

been assumed to have little or no avoidance capability.  

7.4.3 Smit et al. (2016) state in their report, examining tidal energy fish impacts on a 

marine turbine at Den Oever (Netherlands), that flow velocity thresholds will be 

key to determining the escape distance, the limit beyond which fish will be 

entrained. They state that this will be determined by the swimming and escape 

abilities of the fish which in turn will be influenced by the perception of shear and 

vorticity detected through the lateral line systems. This will provide early warning 

of impending danger and will allow the escape response (Smit et al., 2016). 

7.4.4 The variation in fish swimming speeds is already partly considered within the 

ADZv.2 models as it is used in defining the ‘Draw Zone area’ parameter. The 

Draw Zone area is defined for each chosen swimming speed of an individual 
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species, with slower swimming fish having a larger Draw Zone area into which if 

they swim they will be drawn towards the turbine and sluice gate housing 

structure. This is however based on cruising speed (also referred to as free-

swimming or optimum speeds) of individuals rather than the faster maximum 

sustainable swimming speed or burst speeds. As such, in terms of a fish’s ability 

to avoid the turbine and sluice gate housing structure upon entering the Draw 

Zone, each individual has greater swim speeds than the water flows present and 

can use this greater swimming ability to avoid encounter. The maximum 

sustainable swimming speed represents the speed that fish can use for a 

duration of up to 200 minutes. 

7.5 Setting realistic parameters for MCA 

7.5.1 Given the range of studies (summary provided in Appendix A) across various 

sites, hydrodynamic conditions and species, all showing high levels of avoidance, 

it is considered reasonable to encompass the range of avoidance values cited 

within the literature within the bounds of a Monte Carlo analysis. This is 

particularly relevant given the fact that the purpose of such analyses is to take 

into consideration wide variations in values and thus account for uncertainty.  

7.5.2 As such, based on literature, 99% has been used as the ‘Realistic Best Case’ given 

avoidance values reported by Amaral et al. (2015), who used fish representative 

of those likely to encounter marine turbines, and Hammar et al. (2013) whose 

study was based on an operational marine turbine.  

7.5.3 The ‘Realistic Worst Case’ has been calculated as the mean of the day (45%) and 

night time (12%) avoidance rates reported by Vowles (2014) giving a daily average 

of 28.5%.  Using the 12% alone would not be realistic given that it only applied 

during the night.  

7.5.4 The range proposed for the MCA therefore encompasses all the values 

evidenced in the various studies, most of which have been published in the past 

three years.  Some species lifestages are classified as passive drifters and no 

avoidance rate has been applied.  A summary of the proposed avoidance rates 

for each species lifestage is given in Table 7.1. 

Table 7.1 Proposed Avoidance Rate ranges for Monte Carlo Analysis 
Species Avoidance rate Rationale 

European eel 

(glass/elver) 

Sea lamprey 

(transformer) 

River lamprey 

(transformer) 

0% Passive drifters that will have limited swimming ability to 

avoid flows into the turbines or juvenile lifestages with 

limited swimming ability (such as lamprey transformers). 

Atlantic salmon (smolt) 

Atlantic salmon (adult) 

Sea trout (smolt) 

Sea trout (adult) 

Shad (juvenile) 

Shad (adult) 

European eel (silver) 

European eel (yellow) 

28.5%-99% All species other than passive drifters considered likely 

to undertake some avoidance given their sensitivity to 

pressure or particle motion and swimming ability.   

Range proposed to capture all possible reasonable 

outcomes (e.g. Realistic worst and best cases). 
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River lamprey (adult) 

Sea lamprey (adult) 

Bass (juvenile) 

Bass (Sub-adult) 

Bass (adult) 

Sole (juvenile) 

Sole (adult) 

Plaice (juvenile) 

Plaice (adult) 

Whiting (juvenile) 

Whiting (adult) 

Herring (juvenile) 

Herring (adult) 

Sandeel  

Cod (juvenile) 

Cod (adult) 

7.6 Alternative application of avoidance behaviour 

7.6.1 The approach proposed in Section 7.5 uses a wide range of parameter values, 

which reflect the range of values presented within the literature. These have 

been used to ensure that the uncertainty associated with setting of a specific 

avoidance rate is covered. An alternative approach to setting this parameter is 

presented below, incorporating potential near-field and far-field avoidance 

responses and differing avoidance rates by species based on swimming speeds. 

This alternative approach has been sensitivity tested for certain species and 

results are presented in TLSB (2017). 

7.6.2 Whilst it is acknowledged that fish have highly adapted sensory perception (as 

outlined above) it is difficult to differentiate between responses due to sound or 

particle motion detection. An alternative approach focusing on the swimming 

ability of each species and life-stage, along with consideration of both near-field 

and far-field avoidance behaviours, has been developed as a sensitivity test of 

the approach outlined above. 

7.6.3 This approach considers the maximum sustainable swimming speed (MSSS) of 

each species on the basis that : 

7.6.4 The Draw Zone area used in the model considers the cruising/free-

swimming/optimum speed of each species (UOPT). This is a slower swimming 

speed than the MSSS and burst speeds (UCRIT) which fish use to evade hazardous 

situations;  

7.6.5 The MSSS is defined as the speed at which an individual can swim for up to 200 

minutes. The maximum operating period of the turbines is 283 minutes and the 

average is 216 minutes across the flood and ebb tides, and therefore an 

individual could hold position within the Draw Zone  flows (set based on UOPT) for 

at least 70% of the generating period or until the cycle ceases. This assumes that 

the fish do not use their ability to accelerate further away from the turbines into 

slower flowing water using a higher swim speed than their MSSS or their burst 

speed. 
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7.6.6 In general, this approach follows the conclusions of Beamish (1978) which stated 

that larger fish have greater swimming capability, and supported by Viehman 

(2013) who evidenced lower numbers of larger fish entering a turbine than 

smaller fish. In addition to the analysis of near-field avoidance proposed in 

Section 7.5, the empirical MHK data also provide information about possible far-

field avoidance. For example, Bevelheimer et al. (2016) found that the density of 

fish in the area monitored by the hydroacoustic when the turbine was absent 

was roughly twice that when the turbine was in place, for both rotating and non-

rotating blades. This suggests that some avoidance may be occurring before fish 

are close enough to the turbine to be observed by the acoustic monitoring which 

was in place during the trial. Significantly, Shen et al. (2015) reported evidence of 

fish avoidance of a tidal energy device at up to 140m from the device, with a 

37.2% (95%CL: 21.8-49.4%) decrease in the number of fish between 140m to 

10m upstream of an MHK device in Cobscook Bay, Maine, USA.  This is further 

supported by NERC (2013) in which it states that herring (Clupea harengus) may, 

depending upon water depth, by able to avoid tidal devices from up to 300m.  

7.6.7 The approach has therefore considered 20-50% of fish showing initial avoidance 

behaviour in the far-field and then a near-field avoidance rate, based on 

swimming performance of those fish which do not avoid in the far-field and 

therefore encounter the Draw Zone.  
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Species / Life Stage 
Mean fish 

length (m) 
MSSS (bls-1) 

MSSS (ms-

1) (Mean 

fish length 

x bls-1) 

Far-field 

Avoidance 

Probability 

Near-field 

Avoidance 

Probability 

Atlantic salmon (MSW) 0.776 6.25 (EA, 2004) 4.85 

20-50% 

50-99% 

Sea trout (5SW) 0.749 6.25 (EA, 2004) 4.68 

Sea trout (5SW kelt) 0.749 6.25 (EA, 2004) 4.68 

Sea trout (6SW) 0.749 6.25 (EA, 2004) 4.68 

Sea trout (6SW kelt) 0.749 6.25 (EA, 2004) 4.68 

Sea trout (7SW) 0.749 6.25 (EA, 2004) 4.68 

Sea trout (7SW kelt) 0.749 6.25 (EA, 2004) 4.68 

Atlantic salmon (kelt) 0.70 6.25 (EA, 2004) 4.38 

Sea trout (4SW) 0.689 6.25 (EA, 2004) 4.31 

Sea trout (4SW kelt) 0.689 6.25 (EA, 2004) 4.31 

Sea trout (3SW) 0.662 6.25 (EA, 2004) 4.14 

Sea trout (3SW kelt) 0.662 6.25 (EA, 2004) 4.14 

Atlantic salmon (1SW) 0.651 6.25 (EA, 2004) 4.07 

Sea trout (2SW) 0.602 6.25 (EA, 2004) 3.76 

Sea trout (2SW kelt) 0.602 6.25 (EA, 2004) 3.76 

Sea trout (1SW) 0.527 6.25 (EA, 2004) 3.29 

Sea trout (1SW kelt) 0.527 6.25 (EA, 2004) 3.29 

Bass (adult) 0.375 7.2 (Claireaux, 2006) 2.70 

Sea trout (whitling) 0.389 6.25 (EA, 2004) 2.43 

Sea trout (whitling kelt) 0.389 6.25 (EA, 2004) 2.43 

Sea trout (smolt) 0.18 9.1 (EA, 2004) 1.64 

Shad (adult) 0.37 

4 (Huse and Ona, 1996;  Batty, 1987; 

Batty and Blaxter, 1992; He and 

Wardle, 1988) 

1.48 

Atlantic salmon (smolt) 0.15 9.1 (EA, 2004) 1.37 

Bass (sub-adult) 0.175 7.2 (Claireaux, 2006) 1.26 

Herring (adult) 0.25 

4 (Huse and Ona, 1996;  Batty, 1987; 

Batty and Blaxter, 1992; He and 

Wardle, 1988) 

1.00 

European eel (resident) 0.6 1.5 (Palstra et al. 2008) 0.90 

25-75% 

European eel (silver) 0.6 1.5 (Palstra et al. 2008) 0.90 

Sea lamprey (resident) 0.75 

1 (Moursund et al., 2003; Dauble et 

al., 2006; Beamish, 1974; Quintella 

et al., 2009) 

0.75 

Sea lamprey (migrant 

adult) 
0.75 

1 (Moursund et al., 2003; Dauble et 

al., 2006; Beamish, 1974; Quintella 

et al., 2009) 

0.75 

Herring (juvenile) 0.055 11 (Turnpenny, 1983) 0.61 

Shad (juvenile) 0.055 11 (Turnpenny, 1983) 0.61 

River lamprey (resident) 0.24 2.51 (Abakumov, 1951) 0.60 

River lamprey (adult 

migrant) 
0.24 2.51 (Abakumov, 1951) 0.60 

Whiting (adult) 0.325 1.7 (Thurston and Gehrke, 1993) 0.55 

Sandeel 0.12 
4.18 (Meyer et al., 1979; Behrens 

and Steffensen, 2007) 
0.50 

Cod (adult) 0.275 1.7 (Thurston and Gehrke, 1993) 0.47 

0-50% 
Bass (juvenile) 0.06 7.2 (Claireaux, 2006) 0.43 

Sole (adult) 0.35 1.2 (Duthie, 1982) 0.42 

Plaice (adult) 0.28 1.2 (Duthie, 1982) 0.34 

Cod (juvenile) 0.17 1.7 (Thurston and Gehrke, 1993) 0.29 
0% 

Whiting (juvenile) 0.17 1.7 (Thurston and Gehrke, 1993) 0.29 
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European eel (elver/glass 

eel) 
0.08 3.33 (Clough and Turnpenny, 2001) 0.27 

Sole (juvenile) 0.145 1.2 (Duthie, 1982) 0.17 

Sea lamprey (transformer) 0.1 

1 (Moursund et al., 2003; Dauble et 

al., 2006; Beamish, 1974; Quintella 

et al., 2009) 

0.10 

River lamprey 

(transformer) 
0.1 

1 (Moursund et al., 2003; Dauble et 

al., 2006; Beamish, 1974; Quintella 

et al., 2009) 

0.10 

Plaice (juvenile) 0.075 1.2 (Duthie, 1982) 0.09 
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8 Conclusion 

8.1.1 A common theme of all of the literature reviewed is the instinctive reaction by a 

proportion of fish upon either seeing, hearing or sensing a turbine, structure or 

flow field to move away from it. Irrespective of the type of turbine, species of fish, 

or water velocity all studies show some level of behavioural change and 

avoidance behaviour. 

8.1.2 This paper reviews the research, in particular more recent studies, on 

behavioural responses shown by fish upon encountering tidal energy structures 

with conditions similar to those that will be caused by the operation of TLSB. The 

paper then reports on the rates of avoidance behaviour found from the best 

available scientific evidence, supporting the application of an avoidance 

parameter within the encounter rate models. 

8.1.3 Throughout discussions with NRW(TE) and Cefas experts, avoidance has been 

acknowledged as an important and likely fish behaviour, however, limited 

empirical evidence was identified to quantify this behaviour at the time of 

previous assessments. As indicated in para 4.1.12 of the Alternative Fish Impact 

Assessment Results (TLSB, July 2016), avoidance behaviour was therefore not 

included in the original modelling on a precautionary basis. TLSB now consider 

that the above evidence provides sufficient basis for incorporation of avoidance 

factors within the models. TLSB acknowledge that there is uncertainty in defining 

a single value for the avoidance rate at this time and, as validation on a 

constructed tidal lagoon is not possible (TLSB being the first of a kind), use of a 

range of values is proposed based on the avoidance behaviour rates quoted in 

the most recent, peer reviewed, scientific literature to cover the different values 

found. This range of values will be incorporated into the stochastic analysis on 

the ADZv2 models, as reported in Alternative Fish Impact Assessment – 

Addendum 1: Monte Carlo Analysis of Alternative Draw Zone Models (TLSB, 

2017).  
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Appendix A – Summary of Key Fish Turbine Avoidance Studies  

 

 

 

 

 

 

 

 

 

  
Vowles et 
al. (2014) 

Shen et al. 
(2016) 

EPRI  
(2011) 

Amaral et al.  
(2015) 

 
Viehman 

(2016) 

 
Hammar et al. 

(2013) 

 
Piper et al. 

(2015) 
 

Smit et al. (2016) 

Type of 
Study 

Run-of-
river 

Hydro 

Oceanic 
hydrokine
tic Device 

Lucid Spherical Turbine and Welka UPG bulb 
turbine 

Oceanic Simulation 
Shrouded hydrokinetic 

Device 

 
Oceanic horizontal 
axis hydrokinetic 

Device 

 
Gorlov vertical 

axis Oceanic 
hydrokinetic 

Device 

 
Run-of-river 

Hydro 
 

 
Vertical axis tidal 

sluice turbine 

Avoidance 
Rate 

12% night-
time, 45% 
daytime 

37.20% 93.90% 89.80% 94.00% 81.80% 
98% -> 94% (R.trout) 

40% -> 81% (Striped Bass) 
77% ->99% (White sturgeon) 

 
 
 
 

 
 
 

~99% 

 
 
 

71% 

 
 
 

Not recorded 

Avoidance 
Field 

Near-field 
Far-field, 

(140-10m) 
Near 
field 

Near 
field 

Near 
field 

Near 
field 

Near-field 
 

Near-field 
Far-field and 

Near-field 
 

Near-field 

 
 

Near-field 

  

0.23 ms-1 <2.0 ms-1 1.5 ms-1 2.1 ms-1 1.5 ms-1 2.1 ms-1 1.1 ms-1  -> 2.0 ms-1 
 
 

 

 
1.5 ms-1 

  

Flow 
Velocity 

 
1.17 ms-1 

 

3-4 ms-1 

    

Fish 
Species 

Chinook 
Salmon 

Marine 
Species 

Rainbow Trout 
Rainbow Trout / White 

Sturgeon / Bass 

 
Various 

 
Various European eel European eel 

Fish Size   Juveniles Various 161mm 138mm 250mm 249mm >200mm 
 

Various 

 
Various including 

>600mm. 

 
D/s migrating 

adults 

 
 


