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Guidelines for the 
determination of carrying 

capacity in fjords and canals 

Increasing aquaculture 
production and limiting 
environmental impact 



• ~22% salmon die at sea. 

• 1/3 attributed to disease (Kilburn et al 2012, Soares 2011) 

Guidelines for the determination of carrying 
capacity in fjords and canals 

Kilburn et al (2012). Aquacult. 368-369, 89 – 94. 
Soares et al (2011) Aquacult. 314, 7-12. 

Increasing Production and limiting 
environmental impact 



Scottish Aquaculture  
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• Scotland largest single 
aquaculture producer by value in EU (~20%) 

• Atlantic Salmon (Salmo salar) 
 

• One of the UK’s most valuable food exports 
 
• US $ 1.85 bn economy 
• Employment for >6000 people 

 
• Remote areas 

 
 
 
 
 
 
 

 



Marine Scotland 

1882 – Aberdeen Marine Laboratory  
280 scientific staff 
• Environment, Monitoring and Assessment 
• Renewables and Energy 
• Planning and Environmental Advice 
• Coastal and Offshore Fisheries 
• Aquaculture and Fish Health 
• Freshwater Fisheries 

 

• Clean, healthy, safe, productive and 
biologically diverse, managed to meet 
the long-term needs of nature and 
people. 

• 462,263 km^2 
• 62% UK sea area 
• 13% EU 

 

1906 



Legislation 
Global 
• OIE 
 Listed diseases 

 
 
 
 
 
 
 
 
 
 
 
 

Europe  
~30 directives 

• EC Directive 2006/88/EC 
 
 

UN FAO 

Domestic 
 

~70 statutes 
Diseases of Fish Act 1937 
 
Coast Protection Act 1949 
 
Food and Environment Protection Act 1985 
 
The Food Safety Act 1990 
 
Town and Country Planning (Scotland) Act 1997. 
Food Hygiene (Scotland) Regulations 2006 
 
Town and Country Planning (Marine Fish Farming)  
(Scotland) Order 2007  
 
Aquaculture and Fisheries (Scotland) Act 2007 
 
Aquatic Animal Health (Scotland) Regulations 2009 
 
Marine (Scotland) Act 2010  
 
Town and Country Planning (Marine Fish Farms 
Permitted Development) (Scotland) Order 2011  
 
Controlled Activities) (Scotland) Regulations 2011 
 
 
 
 
 
 
 



 



 

 

 

 

 

• Industry Code 
– >95% production  

 

 

 



• Simple Tidal Excursion model 
 

• Environmental transmission models  
 
 

• Sea lice Bio-physical dispersal modelling 
 
 
 
 
 
 
 
 

• Network models  
 
 
 

 
 

 
 

 

Modelling to support health management 



Disease Management Areas 
• Based on simplified Tidal Excursion 

(TE) distances 
• TE= 

7.258 km Mainland Scotland 
3.629 km Shetland Islands 

 
• Joint Government/Industry 

recommended 
• Hydrodynamically defined 

management areas 
 

• After infectious salmon anaemia 
1998/99  
• Not endemic to UK 
• 90% mortality 
• £20 m  to eradicate  

 



Disease Management Areas 
• Establishes breaks between zones 

• 2 x TE 
 

• Regular changes with change in  
  farm locations 

 
• 2008/09 ISA eradication  

 
• Movement restrictions 
• Depopulation 
• Sanitisation   
• Restocked ISA-free fish  
  inspected for 2 years  

 
 



Susceptible-Exposed-Infectious-Recovered  (SEIR) model 
representing farms 

Linked by a hydrodynamic water phase 

Parameterised for IPNV, ISAV &  Furunculosis agent  

FARM 1 

FARM 2 

Environmental Transmission 

Salama & Murray (2011) Aquacult Environ 
Interact 2:61-74.  

Salama & Murray (2013) Prev. Vet. Med. 108, 
285-293 



Aeromonas 

salmonicida 

Infectious 

salmon 

anaemia virus   

Infectious 

pancreatic 

necrosis virus 
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Application for VHS control  
• Viral Hemorrhagic Septicemia 

 
• In salmon cleaner fish 

 
• Establish protection  

 and surveillance zones  
 

Hall et al (2014) .Scot. Mar. Fresh.  Sci  4: 1-49 



Salmon / Sea lice 
Farm management Areas 

• Defined by industry 
• No rules for  

• shape 
• Number operators 
• Farms  

• Coordinated  
• Treatment 
• Fallow 
• Stocking 
• Harvesting  

• Share information 
 

• Primarily for sea lice 
 
• 0.19€ kg-1 (Costello 2009) – 0.39€ kg -1 (Abolofia et al 

2017) 
 



Background – Project AQ0040  Loch Linnhe 
• Large sea loch / fjord 

   ~ 60 km  

• 10 “active” salmon farms  

– 2 companies in the Linnhe 

system  

– 6 farms in adjacent lochs 

• Consented biomass  approx. 

17352t ≈ 10% 

• 2 FMA 

• Est. £50m production 

• Est. £3m parasite control 

POLCOMS 

model of 

Loch Linnhe    

Salama et al  (2013), J Fish Dis, 36: 323–337 



Forcing Data 

• Physical data 

May/Oct 2011,2012,2013 

  

• Collecting  data 

• Force the 

hydrodynamic model 
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Hydrodynamic model (Ivanov et 

al 2011) 

• POLCOMS 100m x 100m 

fixed grid 

• Drivers: Freshwater, tides, 

wind 

• 3D resolved at the surface 

layer 

• 30 min resolution 

 

Particle-tracking model 

(Amundrud & Murray 2009) 

• 4th Order Runge-Kutta 

• Age (10% h-1 ) 

• Decay (1% h-1 ) 

• Released from farms 

(weighted by transformed 

relative farm counts) 

• Move in the surface layer 

• Sticky land/sea boundaries 

• Open sea boundaries  

• 14d release + 5d 

 

 

 

Heuch 1995 

Salama NKG, et al (in press). J Fish Dis 
https://doi.org/10.1111/jfd.12693 





 

 

 

 

 

Site transformed data 

97.5% particles 

15km 

Farm 
connectivity 

Salama et al (2016) J Fish Dis, 39: 419–428.  Salama et al (in press). J Fish Dis 
https://doi.org/10.1111/jfd.12693 

15km 

2 x 7.258 k𝑚 ≈ 15 𝑘𝑚  

Sea lice 
distance 

https://doi.org/10.1111/jfd.12693


Predictions: Where lice accumulate 

Lower relative 

density of 

particles 

Higher relative 

density of 

particles 

Grey: zero 

particles 

Relative input from transformed farm lice 
information 

Density of relative Particle-hours 

 



Model Confidence  

• Biological Sampling  

(May/Oct 2011,2012,2013) 

 

• Undertaking plankton 

trawls 

• 31 stations in 

duplicate each week 

• For assessing 

transport model 

predictions  

 

• Deploy 10 sentinel 

cages 

• 50 fish each week 

• Assess settlement 

stage 



 
 

 

 

  

Sentinel cages  

• Used since mid 2000’s 

 

• 10 sites  

• 50 smolts per week 

• Euthanised  

ethyl 3-aminobenzoate 

methanesulfonate salt (MS222; 

Sigma-Aldrich) dose of 1 g l−1.   

• Fish individually bagged for 
survey 

• Lice  

• Counted 

• Staged  

 

Model Confidence 



 
 

 

 

  
Plankton trawls  

• Used since early 2000’s 

 

 

• 31 sites weekly 

• Duplicate  

• 5 min trawl 

• Plankton net  

0.5m mouth x1.5m length 

150µm mesh 

• Nets individual rinse  

• Stored in 4% formaldehyde 

• Lice 

• Counted 

• Staged  

 

• Lice ID using standard keys and 
subsample by PCR 

 

 

 

Model Confidence 



 

 

 

  

Model Confidence 
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ρ(52)= 0.51*** ρ(52)= 0.51*** 

ρ(52)= 0.48*** ρ(52)= 0.45*** 

  

• Model input weighted by 
transformed count score 

 

• Reflecting a feature of the 
model 

 

 
ρ(526)= 0.19*** 

Sentinel fish 

Plankton trawl 



Which farm first? 



 



 

Averaged adult lice loads with time on site under two management 
strategies(TF synchronous (dashed) or tf asynchronous (solid)) and two 
dispersal scenarios(local D1 (thin), mixed D2 (thick)) 

Murray & Salama (2016) Ecol. Model. 337:39 – 47 

Do coordinated zones work? 



Sea lice – Scottish shelf Model  

12 year averaged model 
 
Released across management areas 
Sea lice particles “lifespan” 
18 days (winter) 
15 days (spring and autumn)  
10 days (summer) 



 

 

 

 

 

Threshold: 10-5 
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Regional retention of sea lice 
Most MA self expose 
Transmission to neighbour MA 
Low p(transmission) between MA 
  



 
 
Parameterised with ISAV 
Simplified hydrodynamic model 
 
 
 
 
1261 edges 
Density: 0.009 
Connectedness: 0.03 
mean = 3.8 (SD:6.45) 
Max= 36  
 
 
 
 
 
Locally connected 
Supports Disease Management Areas 
No “ideal” number 

Farms/zone ? 

Murray (2014) Prev vet med 115: 255 

Salama et al (under review) Aquacult. 
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• Disease reduces production capacity 

• Spatial management legislation and industry code 

• Modelling help defines spaces 

• Simple expressions 

• Expressional models 

• Bio-physical models 

• Networks 

 

Less disease = >less treatment = >less impact + $ 

 

 

• If production and carrying capacity is to increase………………………  

 

SUMMARY 



 

 

 

 

 

Research and production 

Murray et al  (2016)   Prev Vet Med 126: 199 Murray & Salama  (In press)   CAB Reviews 

Chile SRS US $100M  
 Not elsewhere 



 

 

 

 

 

Research and production – Good news 

Murray et al  (2016)   Prev Vet Med 126: 199 

SRS US $100M 

Murray & Salama  (In press)   CAB Reviews 

WOK MIMAS 
 
TI=((salmon) AND 
(Piscirickettsiosis OR "Salmon 
rickettsial syndrome" OR 
"Piscirickettsia salmonis")) AND 
CU = (Chile) 
 
 



Environmental transmission 
 

Murray AG, Salama NKG, (2017) CAB Reviews 12, No. 032 
Salama NKG, et al (in press). J Fish Dis https://doi.org/10.1111/jfd.12693 

Wallace IS et al (2016) J Fish Dis 39: 1021 
Murray AG,  Salama NKG (2016) Ecol Model  337:39 

Salama NKG, et al (2016) Aquacult 450: 283 
Salama NKG,  et al (2016). J Fish Dis 39: 419 
Salama NKG,  et al (2013) J Fish Dis 36: 323 

Salama NKG, Murray AG. (2013) Prev Vet Med 108: 285 
Salama NKG, Rabe B. (2013) Aquacult Env Interact 4: 91 

Salama NKG, Murray AG. (2011). Aquacult Env Interact 2: 61 
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