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Context of  modelling in assessment
• The purpose of  the modelling is to inform the VER 

assessments

• When examining sensitivity analysis, magnitudes of  change 

should be considered within the framework of  the numerical 

assessment criteria, i.e. would they cause the mortality values 

to move to a different category, and would this change the 

assessment:



Combined IBM + STRIKER approach
STRIKER

• Previous assessments (e.g. STPG) have only had the benefit of  turbine injury 

models, and no modelling method has been available for predicting encounter 

probability and multiple passage.

• The STRIKER™ series of  models have been widely used in a UK regulatory 

context and  the formulations have been evaluated in international scientific circles 

(e.g. US DoE)

• STRIKER™ v.4.0 is the most advanced version, is dedicated to tidal turbines, and is 

not considered to be in question now (COMMON GROUND)

• For some species the STRIKER outputs alone can be considered to provide an 

indication of  worst case, assuming all fish passed through the turbines

Carlson, T.J. & Ploskey, G.R. (2004). Comparison of Blade-Strike Modelling Results with Empirical Data. PNNL-14603, Pacific Northwest National Laboratory: Richland, 

WA.

Solomon, D.J. (1988). Fish passage through tidal energy barrages. Department of Energy, Energy Technology Support Unit, ETSU TID.

Turnpenny, A.W.H. (1998). Mechanisms of fish damage in low-head turbines: An experimental appraisal. In Fish Migration and Fish Bypasses, Jungwirth, M., Schmutz, 

S., Weiss, S., Eds., Blackwell Publishing: Oxford, UK.

Turnpenny, A.W.H., Davis, D. M., Fleming, J. M., & Davies, J. K. (1992). Experimental Studies Relating to the Passage of Fish and Shrimps Through Tidal Power 

Turbines.National Power PLC, Fawley, Hampshire, United Kingdom.



Comparison of  Fixed vs. Variable Speed Turbines
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Overall IBM + STRIKER approach
The IBM

• The IBM model predicts encounter frequencies  with turbines, including multiple 

pass risk and offers the opportunity to make a more realistic assessment. 

• IBM models have been in use in a wide range of  ecological application for some 

years and principles and best practice are well established

• Crown Estates1 recognize value of  IBMs in understanding salmon movements in 

relation to offshore windfarm developments

• The principle of  using IBMs for turbine encounter modelling appears to be 

COMMON GROUND

• Areas of  discussion appear to be:

– Fish behaviour rules used in model / Scope of  model 

– Biological data underpinning chosen parameter values  

– Demonstration of  model sensitivity

1 Guerin, A. J., Jackson, A. C., Bowyer, P. A. and Youngson, A. F. (2014). Hydrodynamic models to 

understand salmon migration in Scotland. The Crown Estate, 116 pages. ISBN: 978-1-906410-52-0.



IBM overview
(ELAM: Eulerian-Lagrangian Agent Method1)

• In ELAM models the fish is treated as a particle in 

a hydraulic model, which is subject to influence of  

current, but which also have their own motivations 

& abilities.

• Rules specify the behaviours (e.g. ‘stay in 

depth<2m’ or ‘follow a trail’) and are species-

specific

• Parameters define the abilities (e.g. ‘maintain a 

course with an error of  ±10%’ or ‘ swim at X bl/s ±

s.d.) and are set within plausible ranges

• Parameters may be global or associated with 

individual fish

• Parameter values are drawn at random from a 

distribution (‘Monte Carlo’) 

• Each model is run with 10,000 virtual fish to give 

good coverage of  extremes of  distributions

1Willis, J. (2012) Modelling swimming aquatic animals in hydrodynamic 

models. Ecological Modelling 222 3869-3887 

doi:10.1016/j.ecolmodel.2011.10.004



Hydraulic model grid
(DHI Mike 21-ABPmer)

The water model is specified for appropriate resolution 

and is assumed otherwise to be fit-for-purpose



IBM parameters

Global model parameters

A global parameter is one which is applied 

to all of  the 10,000 virtual fish in the model 

run 

• NAVIGATIONAL STEPS i.e. the 

number of  model steps between each 

navigational decisions. The decision 

may have a random component 

(navigational error) and searching 

component (e.g. move to the adjacent 

cell with the highest odour 

concentration), depending on rules.  

• This parameter also equates to 

NAVIGATIONAL INTERVAL in units 

of  time.

Individual fish parameters

An individual fish parameter is stored with 

each virtual fish, randomly drawn from the 

available distribution:

• START TIME, START POSITION

• SWIMSPEED

• DETERMINATION– the ability of  a 

fish to remain on a constant bearing (or 

conversely, TORTUOUSITY), defined by 

angular standard error

• FISH LENGTH 



Tortuosity

• Tortuosity is the converse of  

determination

• It may stem from true navigational 

error or from other behaviours, e.g. 

foraging, predator evasion or 

response to un-modelled stimuli 

which divert fish from the preferred 

navigational route

• The envelope of  10,000 tracks 

should therefore encompass most 

plausible routes within the 

specified model scenario

• The movements are modelled as a 

correlated random walk

Starting box

Navigational 

destination

Tortuosity analysis to replicate tag-based ground speed 

calculations for a simple route with 1 waypoint



Calibration for salmonids and for other species

Evidence for Salmonids

• Atlantic salmon well studied, and 

published tracking data provide 

volitional (migration) swimming 

speeds (to be distinguished from MSSS 

or CSS) and track tortuosity.

• Fish movement data are extracted from 

background water movements via 

hydrodynamic model- gives 1.23 bl/s 

adult, 1.22 bl/s smolt swimspeed

• Tortuosity encompasses randomness  

un-modelled variation  within the 

prescribed model

Evidence for Other species 

• By literature review where possible, 

otherwise based on theoretical/ 

empirical knowledge:

– Optimal speed commonly around 

1bl/s (Weihs, 1973)

– Volitional swimming speeds closely 

related to optimal swimming 

speeds where cost of  transport 

(COT) is minimized (e.g. 

Tudorache et al., 2011: 

1.02 ± 0.47 bl s−1 in brook charr)

Christian Tudorache, Robyn A. O’Keefe, and Tillmann J. Benfey (2011). Optimal swimming speeds reflect preferred swimming speeds of brook 

charr (Salvelinus fontinalis Mitchill, 1874). Fish Physiol Biochem, 37(2): 307–315

Weihs, D. 1973. Optimal fish cruising speed. Nature 245 (Sept. 7): 48-50



Volitional swimming speed calibration 

for other species

Assumed value 1.2 bl/s

Where no published data found, salmonid value of 1.2 bl/s selected, as this 

held good for fish from smolt to adult size. This is slightly above Weihs’ 

theoretical optimum but well below the sustainable swimming speeds 

reported for a wide range of species (source: FishBase). Note that 

adopting conservative swimspeeds increases turbine encounter risk.



Fish behaviour rules

Applied to all species

• LAND-AVOID

• BEACH-AVOID

Applied to some species

• TRAIL-FOLLOW: select direction to 

maximize concentration (inwards migration) 

(use waypoints derived from trail as a short-

hand)

• PREFERRED DEPTH RANGE

• PREFERRED SUBSTRATE TYPE

• HOME-RANGE/TARGET

• SELECTIVE TIDAL STREAM 

TRANSPORT (STST)

• NIGHT-TIME TRAVEL

Rules specify how fish make decisions at each model step or per number of 

steps



Rule development datasheets 
(Thames Tunnel Project)

• Key headings:

• Predominant direction of  migration

• Responses to tides (STST)

• Preferred water depths

• Vertical position in water column

• Fish sizes and swimming speeds

• Predator evasion

• Response to velocity gradients (shear)

• Diurnal changes in behaviour

• Salinity: lethal and avoidance levels



Example of  rule set & parameters - Bass



Example of  rule set & parameters - Bass



Olfactory trail following – upstream

• The olfactory trail (odour trail) from a river is generated from a 

stream of  particles released into the tidal stream of  the Bay at 

the river mouth.

• Even large river flows are minute in relation to tidal flows, so 

discharge value has minimal influence.

• Adult salmonids, following the olfactory trail, sample and 

move to maximize concentration local to them.

• In the model this is made more computationally efficient by 

overlaying waypoints on the trail. The fish navigates towards 

the next waypoint until within 2km, then targets the next one 

(Willis & Teague, 2014).

Willis, J. & Teague, N.N. (2014). Modelling fish in hydrodynamic models: an example 

using the Severn Barrage SEA. In: International Fish Screening Techniques (A.W.H. 

Turnpenny & A..Horsfield, eds. Southampton: WIT Press, pp. 179–190. 



Olfactory trail modelling outputs, developed over 5 days

• The modelled olfactory trails 

for  Tawe & Neath show 

minimal entrainment into the 

operating lagoon

• The plume always leaves the 

Bay via the west (Mumbles 

Head)

• Hence, wherever the start-

point for returning fish, they 

show very similar routes past 

the lagoon entrance 

Modelled olfactory trails, with (below) and without  (above) lagoon

R. Tawe                                              R. Neath



Olfactory trail following – downstream

• The computed trail is also used as a surrogate for the fluvial thalweg

and can therefore be used to define the probable trail underlying active 

smolt movements out of  the river (hence described as ‘trail-following’).

• The next slide shows the single smolt track reported by Moore (1997) 

in relation to the exit track predicted by the IBM when calibrated 

against the Moore smolt swimming speed data and run for similar 

tidal state and start time.



Moore, A. (1997). The Movements of Atlantic salmon (Salmo salar L.) and sea trout 

(Salmo trutta L.) smolts in the impounded estuary of the R.Tawe, South Wales. 

Environment Agency. R & D Technical Report W81.



What’s not included in the model

• Any avoidance behaviour around 

the turbines (e.g. caused by noise 

emissions, AFD, hydraulic 

anomalies)

• Schooling: consensus navigation 

reduces homing error  (Berdahl et 
al., 2014)

• Foraging (non-migratory) phase 

in sea trout

• Vacillating at river mouth 

(migratory returns)

Behaviours are not included where, at present, there is no clear scientific 

basis and where inclusion in the model would just increase uncertainty. 

These are however considered in the overall VER assessment.

Berdahl, A., Westley, P. A., Levin, S. A., Couzin, I. D., and Quinn, T. P. (2014). A collective navigation hypothesis for homeward migration in

anadromous salmonids. Fish and Fisheries. DOI: 10.1111/faf.12084



Selection of  worst cases

• STRIKER injuries always recorded as mortalities

• Possibility of  fish avoidance of  turbines is not included (noise, 

turbulence)

• Turbine passage injury rates in STRIKER have been based on 

worst turbine design cases and are now expected to be much less 

severe owing to improved turbine design

• Tidal cases (springs) and starting locations for model selected to 

be worst cases

• (Start times are randomized over tide cycle)

Conservative assumptions have been made wherever appropriate



IBM model in video format: migration of  returning adult sea trout 

to R. Tawe- comparison of  start points to find worst case



Worst-case in turbine modelling: latest CFD 

data
• New data received from Andritz has 

estimated hydrodynamic conditions for 

fish passage under  representative 

operating scenarios. 

• The data show maximum predicted 

shear stress (Τ) levels of  <10 N/m^2, 

compared with levels of  Τ up to 5000 

N/m^2 from ES modelling (based on 

STPG Reference design)

• Cf US injury threshold criterion of  160 

N/m^2

• This has a major effect on predicted 

turbine mortalities for fragile species:

– Herring has changed from ~50% to <3%

– Shad from ~50% to <5%

– Sea trout from 6.6% to 5.6%


