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1 Management Report 

1.1 Overall Objectives of the project 
 
The original objectives of the project were to: 
 

i. Collect baseline data on solid waste from cod farming to provide input 
to carrying capacity studies 

ii. Undertake mathematical modelling to predict the deposition of waste 
faecal and feed material   

iii. Develop optimal husbandry and feeding strategies for Atlantic cod 
Gadus morhua in sea cages 

iv. Test the effectiveness of a proprietary demand sensing feed system to 
minimise waste deposition 

 
During the first phase of the project (November 2003 to July 2005), it was 
realised that the original study site was unsuitable for testing of objectives iii. and 
iv., which related to demand sensing feed systems and husbandry practices. In 
addition, biomass was very low at the original site due to high mortality (80 %) 
when fish were put to sea. 
 
Consequently, an alternative site and new industry partner were sought, and No 
Catch Ltd became the new project industrial partner for the second phase of the 
project (August 2005 to November 2006). As agreed with the sponsors, 
objectives iii. and iv. relating to the environmental effects of cod farming were 
deprioritised and deliverables 2.2 and 2.3 relating to these objectives were no 
longer the focus of the project. 
 
As a result of the increased importance of objectives i. and ii., a further milestone 
was added to the project in the form of additional benthic faunal sampling in 
August 2006. This activity was co-funded by the EU Framework 6 project ECASA 
with support from No Catch Ltd. The aim of the additional benthic survey was to 
obtain data for when the farm was at maximum biomass and to further test the 
model. 
 

1.2 Summary of scientific / technical achievements 
During phase 1 of the project, the original site had low biomass which was not 
forecast to expand. For phase 2 of the project, No Catch Ltd became the industry 
partner, with Vidlin Voe, Shetland as a study site. This is one of the largest cod 
farms in Europe and enabled the project to achieve testing of models and impact 
indicators throughout the growing cycle, from low biomass to near maximum. 
 
Two fieldwork campaigns were undertaken in 2005 and 2006, with the additional 
benthic survey in 2006 timed to coincide with near maximum biomass at the site. 
As a 2004 historical survey was also available, this provided the project with 
benthic macrofauna data for three consecutive years. This provided quality data 
for the modelling and impact assessments of farming activity. 
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Detailed laboratory experiments were undertaken at the Ardtoe Laboratory to 
provide information required to model cod farms. A video technique for 
quantifying particle size and settling rates of cod faeces was further developed. 
Detailed feed settling experiments were also undertaken for a variety of cod 
feeds, and as an additional benefit, included substitutes for marine oils such as 
soya protein which are being increasingly used. Feeds for other species of 
farmed interest such as haddock Melanogrammus aeglefinus and halibut 
Hippoglossus hippoglossus were also used in experiments, benefiting future 
research in this area. Faecal output experiments were undertaken for cod and 
haddock, resulting in 3 hourly faecal production rates for these species. Similarly, 
the information gathered for haddock will be useful for future developments with 
this species. 
 
CODMOD was developed and validated using the data from the three benthic 
surveys. However, the model could not reproduce the moderate to heavy impact 
observed at an inshore transect to the south of the cages. 
 
Surveys of the sea bed surrounding the cod farm in Vidlin Voe, Shetland, indicate 
that there is organic enrichment of the near-field over the cod growing cycle up to 
maximum consented biomass. The enrichment is not excessive in terms of the 
biomass present, and is comparable to Scottish salmon culture sites. Similarly 
from a modelling view point, provided CODMOD uses input data specific to cod 
(e.g. settling rates, faecal outputs, etc.), no special considerations for modelling of 
the species are necessary. 
 

1.3 Assessment of the degree to which the objectives have been met 
Milestones and deliverables for the project are detailed in Table 1 and 
summarised below. 
 

• All the laboratory based experimental research objectives were met; this 
included settling rates of wastes and faecal outputs for cod as well as 
haddock 

 
• Benthic sampling field work objectives were exceeded; data from a total of 

three surveys were available with the August 2006 survey being an 
additional, unplanned survey 

 
• Some objectives relating to physical oceanography were not met; this was 

a result of the increased risk and cost associated with deploying SAMS 
equipment at the Vidlin site in the second phase of the project 

 
• However, a general objective was to undertake research at a high biomass 

cod farm and sample a range of impacts; the Vidlin site was an excellent 
choice of site in fulfilling this objective as production increased over the 
project lifetime and it is one of the largest ongrowing cod farms in Europe 

 
• Modelling objectives were fulfilled, drawing on data from experimental 

studies and field campaigns 
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• Objectives relating to automated feeding systems were deprioritised, as 
agreed and in line with the site change after the first year of the project 

 
Table 1. Status of project milestones and deliverables for the project. 

Milestone Description Due by  Progress 
1.1 Food and faecal settling experiments Oct 2005 Completed 

1.2 Collection of detailed data on cod feed 
composition 

- Completed 

1.3 Detailed husbandry data for 
survey/experimental periods 

Sep 2005 Completed 

1.4 Faecal output experiments Oct 2005 Completed 

1.5 Analysis of settling velocity data videos Jan 2006 Completed 

2.1 Assessment of husbandry practices for 
inclusion in model 

Jan 2006 Completed 

3.1.1 Hydrographic survey - current meters+met 
station 

April 2006 Deprioritised 

3.1.2 Hydrographic survey – bathymetry - Unnecessary 

3.1.3 Hydrographic survey – DGPS drifter - Deprioritised 

3.1.4 Detailed cage layouts/dimensions Sep 2005 Completed 

3.2 Comprehensive benthic survey Sep 2005 Completed 

3.3 
Additional milestone - comprehensive 
benthic survey August 2006 

Completed 

    

Deliverable Description   

1.1 Progress report year 1 Nov 2004 Completed 

1.2 Progress report year 2 Nov 2005 Completed 

1.3 Progress report year 3 Nov 2006 
Incorporate into 
final report 

2.1 Environmental impact assessment of cod 
farming including comparison with published 
salmon data 

Nov 2006 Completed 

2.2 Economic analysis of the alternative feeding 
regimes including environmental cost Nov 2006 Deprioritised in 2nd 

phase 

2.3 Development of automated feeding system 
requirements for sustainable cod cultivation Nov 2006 Deprioritised in 2nd 

phase 

2.4 Recommendations on best feeding and 
husbandry practices for Atlantic cod Nov 2006 Commercially 

sensitive 

3.1 Mathematical model development/validation Nov 2006 Completed 
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1.4 Resources used versus planned - explanation and justification for 
deviations in resource usage 

Generally, the project made use of all the resources planned as well as making 
the best use of some new resources (Table 2). 
 
Technical difficulties related to the absence of a demand feeding system at the 
original study site forced the project to find another site. In addition, the original 
site was not expected to have a high enough biomass level to result in a stringent 
test of the modelling and survey techniques (maximum biomass was eventually 
around 70 tonnes). 
 
No Catch Ltd and the Vidlin site were well resourced with vessels and 
infrastructure at the base. Personnel were resourceful during the monitoring 
surveys and no problems were encountered on site. 
 
A set of experiments was planned at Ardtoe Laboratory utilising aquarium 
facilities, different sized cod grown on site and a combination of Ardtoe and 
SAMS laboratory equipment. Video equipment, settling column and software 
were provided by Dr Robert Batty at SAMS for use in the experiments at Ardtoe. 
Dr Batty also provided support and assistance, which the project gratefully 
acknowledges. In addition to the cod faecal output experiments, additional 
experiments were also carried out using haddock. This was a benefit for the 
project as haddock has been identified as a major potential species for 
aquaculture and is currently being farmed in Canada. 
 
A range of feed sizes from four feed manufacturers were tested in the settling 
experiments including cod feeds used in both Shetland and Norway, soya based 
feeds, halibut and haddock feeds. The sample size used in the feed settling 
experiments was higher than reported in the literature. This large sample size 
was due to the staffing resource available at Ardtoe to carry out the research. 
 
Physical oceanographic instruments were resourced for the original site, but after 
the site change, deployment at Vidlin was deemed too expensive and risky. 
Instead, an additional benthic monitoring survey was undertaken in 2006 which 
allowed sampling when the farm was near to maximum biomass. 
 
Some collaboration and local support was provided by North Atlantic Fisheries 
College (NAFC) in Shetland. This was unplanned at the start of the project, but 
was a useful resource for the project and is gratefully acknowledged. 
 
A list of dissemination activities is annexed and these were over and above 
planned activities. Dissemination of some of the findings of the project was 
undertaken to local and international audiences, and some of this was 
undertaken in combination with dissemination activities of other projects. 
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Table 2. Planned and actual resource use for the project. 

Resource Planned Actual 
Original study site Environmental monitoring 

surveys throughout growing 
cycle 

Biomass too low to be a 
stringent test – changed to a 
different study site in phase 2 
 

Demand feeding systems  Compare fish growth using 
automated and hand feeding 

Demand feeding system not 
available – deliverable 3 and 4 
deprioritised 
 

New study site with No 
Catch Ltd 

Phase 2 of project planned to 
use new site for all monitoring 
surveys 
 

As planned 

Ardtoe Laboratory – Cod 
experiments 

Feed settling, faecal settling and 
faecal output experiments 
 

As planned 

Ardtoe Laboratory – other 
species experiments 

No experiments planned Measurement of feed settling 
and faecal outputs of other 
species benefiting the project 
 

Current meters, echo 
sounding equipment 

Planned deployments for the 
original site 

Gear deployment too 
expensive and risky at new 
site – deployments 
deprioritised 
 

Benthic monitoring survey 
equipment and team 

Planned deployments at original 
and new sites 

As planned, with an additional 
unplanned survey for August 
2006 benefiting the project  
 

North Atlantic Fisheries 
College 
 

No collaboration initially planned Local support from NAFC 
gratefully acknowledged 

Computing and software 
resources 

Code modification, data 
processing and modelling 
scenarios 
 

As planned 

Collaborations with other 
projects 

ECASA project – share 
equipment/staff resources with 
ECASA field work team 

ECASA – as planned 
 
Institute of Aquaculture Stirling 
– exchange of information on 
related projects 
  
Information exchange with 
Ocean and Coastal 
Consultants Inc., US 
researching Sable Cod 
 

Institute of Aquaculture, 
Stirling 

Macrobenthic fauna 
identification 
 

As planned 

Dissemination activities Planned to disseminate 
research to appropriate 
audiences 

Higher activity than planned 
(see annexed list of 
performance indicators) 

 

5 



Cod Farming Final Report 

1.5 Conclusions as to success or otherwise of the project 
The decision taken at the end of year 1 of the project to find a new partner and 
site was a sound one. The site change contributed significantly to the success of 
the project as the farm’s biomass increased over the lifetime of the project. This 
allowed field work and model testing to be undertaken at different stages of the 
growing cycle. 
 
The field work component of the project achieved all objectives, with two 
macrobenthic surveys. A third historical report available from 2004, resulted in 
data from three surveys being available for use in the project. Good support was 
provided locally by No Catch Ltd and NAFC during the fieldwork campaign. 
 
The laboratory experiments provided data on the settling of a variety of feeds. A 
video technique for evaluating the settling of faecal particles was further 
developed in the project, and this resulted in a useful data. Faecal production 
experiments were undertaken with cod and haddock with measurements at three 
hourly intervals. 
 
As the equipment was set up for cod, obtaining faecal output data for haddock 
was beneficial for the project. Experiments with large cod were less successful 
due to tank size restrictions. 
 
The modelling would have been better informed with a longer hydrographic 
record at the site. However, this problem was unforeseen and arose as a result of 
the site change to Vidlin. It is concluded that the risk evaluation that deprioritised 
the current meter measurements was justified. In conclusion, the 15 day 
hydrographic data set can be considered a general limitation, not specific to 
Vidlin. 
 
The successful field work campaign and laboratory experiments produced high 
quality data for input to the model. 
 
CODMOD performed adequately. There was no need to create a separate 
benthic response model for cod, as cod can be modelled in a similar fashion to 
salmon providing species specific information are used. The main shortcoming of 
the model was its inability to predict the highly impacted conditions on the 
southern transect. Further investigation was undertaken by hypothesizing that 
cage rotation and reduced current in this inshore area contributed to the high 
impact. Subsequent testing of the model with this hypothesis improved the 
performance. In conclusion, the accuracy of feed input data and cage layouts, 
particularly near sampling transects, are fundamental for validation studies of this 
sort. 
 

1.6 Desirability of further (related) work 
Further testing of CODMOD is required at additional cod farming sites, 
particularly dispersive ones. In addition, the model should be tested for other 
species where these farms are available, such as at haddock and trout farms. 
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Similarly, CODMOD should be further validated at very dispersive sites if the 
industry intends to farm this species in these types of sites. 
 

1.7 Performance indicators 
Oral presentation - Cromey, C.J. and Villanoy, C. (2006). Modelling carrying 

capacity. International Conference on Environmental Management of 
Aquaculture, Quezon City, Philippines (Dec 2006). 

Oral presentation – Cromey, C.J. (2006). Modelling the impact of Aquaculture 
using the DEPOMOD and MERAMOD models. VII Intesal Fish farming 
conference, Puerto Varas, Chile (October 2006). 

Oral presentation - Cromey, C.J. (2006) Modelling and regulation of the 
European aquaculture industry. EU SSA project PHILMINAQ start up 
meeting, Manila, Philippines (August 2006) 

Poster presentation - Cromey, C.J., Magill, S.H., Treasurer, J., Nickell, T.D., 
Thetmeyer, H. (2006). Essential faecal properties of gilthead sea bream 
(Sparus aurata), Sea bass (Dicentrarchus labrax), Atlantic Cod (Gadus 
morhua) and haddock (Melanogrammus aeglefinus) and implications for 
management, AQUA 2006, Florence, Italy. May 9-13, 2006. 

Oral presentation - Cromey, C.J., Nickell, T.D., Treasurer, J., Black, K.D. (2006). 
Model validation and environmental impacts of a newly farmed species, 
Atlantic Cod (Gadhus morhua). Oral presentation by K.D. Black at AQUA 
2006, Florence, Italy, May 9-13, 2006. 

Poster presentation - Cromey, C.J. (2006). Model assists with regulation of 
£multi-million salmon farming industry in Scotland. Poster presentation at 
SEDJET workshop (Particle-laden buoyant jets in the marine 
environment), School of Mechanical Aerospace and Civil Engineering, 
University of Manchester, UK, 18th May 2006. 

Cromey, C.J. (2006). Aquaculture impact model research and development and 
the ECASA project. Invited speaker and modelling workshop, Department 
Fisheries and Oceans (DFO-UBC), West Vancouver, Canada, 24th April - 
5th May, 2006. 

Cromey, C.J. (2006). Development and validation of modelling tools. Invited 
speaker and modelling workshop, Department Fisheries and Oceans 
(DFO), Maurice Lamontagne Institute, Mont-Joli, Quebec, Canada, 8-12 
May, 2006. 

Oral presentation - Cromey, C.J. (2007). Testing of models in the ECASA 
toolpack. ECASA modelling workshop, Edinburgh, UK (Jan 2007). 

Oral presentation - Nickell, T.D., Cromey, C.J. (2007). Parameterizing models for 
aquaculture. Oral presentation by T.D. Nickell. Carrying Capacity – Tools, 
Results and User Perspectives, Dublin, 11 July 2007. 

Oral presentation - Nickell, T.D., Cromey, C.J. (2007). ECASA & EIA – Vidlin 
Perspective. Oral presentation by T.D. Nickell. ECASA Stakeholder 
Meeting, Heraklion, Greece, 19 Sept 2007. 

Oral presentation - Nickell, T.D., Cromey, C.J. (2007). ECASA & EIA. Invited talk 
by T.D. Nickell. School of Life Sciences, Napier University, Edinburgh, 9 
Oct 2007. 
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2 Technical Report 

2.1 Executive Summary 
This project investigated the environmental impact of Atlantic cod farming, by 
assessing the effects of an existing farm, and by creating a mathematical model 
to predict solids deposition from the fish to the seabed. During phase 1 of the 
project, the original study site selected for the environmental impact assessment 
had low biomass due to high mortality, and was not forecast to expand. For this 
reason, a new study site was selected. For phase 2 of the project, No Catch Ltd 
became the new industry project partner and provided Vidlin Voe, Shetland as a 
study site which is one of the largest cod farms in Europe. This allowed the 
project to achieve testing of models and impact indicators throughout the growing 
cycle, from low biomass to near maximum. 
 
Two fieldwork campaigns were undertaken in 2005 and 2006, the 2006 survey 
being an additional unplanned survey timed to coincide with near maximum 
biomass at the site. As a 2004 historical survey was also available, this provided 
the project with benthic macrofauna data for three consecutive years. This 
provided quality data for the modelling and impact assessments of the farming 
activity. 
 
Detailed laboratory experiments were undertaken at Ardtoe Laboratory 
measuring important information for modelling of cod farms. A video technique for 
quantifying the particle size and settling rates of cod faeces was further 
developed. Detailed feed settling experiments were also undertaken for a variety 
of cod feeds, and as an additional benefit for future projects, included soya and 
feeds for other species. Faecal output experiments were undertaken for cod and 
haddock, resulting in 3 hourly faecal output rates for these species. 
 
CODMOD was developed and validated using the data from the three benthic 
surveys and the model performed adequately. The model could not, however, 
reproduce the moderate to heavy impact observed at an inshore transect. 
Possible reasons for the underperformance of the model in this area include the 
hydrographic data available and farm practices such as cage rotation in the area 
of the transect. When these factors were taken into account in the model, 
performance improved.  Cage rotation near benthic sampling transects should be 
avoided. 
 
Surveys of the sea bed surrounding the cod farm in Vidlin Voe, which included 
physico-chemical and biological sampling, indicate that over a cod growing cycle 
up to near maximum biomass, there is organic enrichment of the near-field. This 
enrichment is not excessive in terms of the biomass present, and is comparable 
to Scottish salmon culture sites. Similarly from a modelling view point, providing 
CODMOD uses the appropriate model input data specific to cod (e.g. settling 
rates, faecal outputs, etc), no special considerations for modelling of the species 
is necessary. A summary of model input data is given below. 
 
Thus, the research on faecal output rates, food/faeces settling and environmental 
impact surveys have all contributed to quantitative measures of the impacts of 
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cod farming. These measures are being directly utilised in carrying capacity 
studies in the EU Framework 6 Project ECASA, which has adopted Vidlin as one 
of its 16 European field sites. Additionally, the feed and faeces information 
obtained for haddock will be useful in the event of future commercial cultivation of 
this species. 
 
Summary of model input data
 
The following data were used for the modelling of cod farms, are considered 
species-specific data and are different to default values used in the model 
DEPOMOD for modelling of salmon farms: 
 

1. mean and standard deviation of settling rates of 9 mm and 12 mm cod 
feed pellets is 9.0 and 1.6 cm s-1; these values are suitable for general 
modelling scenarios – other pellet sizes and types are given in Table 16 

 
2. relationships between faecal particle volume and settling velocity was 

obtained from experiments; a mean of 3.7 cm s-1 was found to represent 
the detailed data adequately (Table 14) 

 
3. 8.7 % of feed input was evacuated as faeces (dry weight) from averaged 

data in a series of experiments; faecal output was represented in the 
model by using a digestibility and water content of 91 % and 9 % 
respectively [= (1 - 0.91)*0.91 = 0.082] (Figure 20) 

 
Other model input data required which are site-specific and independent of 
species include bathymetry, cage layouts, cage length, width and depth, and feed 
input for the period modelled (kg cage-1 d-1).  A default feed wastage of 5 % was 
used as for modelling of salmon farms.  
 
Model predictions of flux and benthic impact can be verified by field 
measurements of flux and benthic impact, preferably with benthic macrofaunal 
indicators of impact. 
 
The benthic response model in DEPOMOD developed for salmon adequately 
predicted the impact at the cod farm (60 % of transect stations in Envelope of 
Acceptable Precision), indicating that no special benthic response module is 
needed for cod. 
 
The authors recommend that standard modelling practices developed for salmon 
farms can be used for modelling cod farms, providing the cod-specific input data 
(1 to 3) above are used. 
 
Model validity was not tested at a highly dispersive or exposed site and so this 
should be considered when assessing a cod farm located in such a site. 
 

9 
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2.2 Overall Objectives 
The original objectives of the project were as follows: 
 

i. Collect baseline data on solid waste from cod farming to provide input to 
carrying capacity studies 

ii. Undertake mathematical modelling to predict the deposition of waste 
faecal and feed material   

iii. Develop optimum husbandry and feeding strategies for Atlantic cod in 
sea cages 

iv. Test the effectiveness of a proprietary demand sensing feed system to 
minimise waste deposition 

 
During the first phase of the project (November 2003 to July 2005), it was 
realised that the original study site was unsuitable for testing of objectives iii. and 
iv. relating to demand sensing feed systems and husbandry practices. In addition, 
biomass was very low at the original site due to mortality approaching 80 %. 
 
As a result, a different site and new industry partner was sought and No Catch 
Ltd became the new project industrial partner in the second phase of the project 
(August 2005 to November 2006). As agreed with sponsors, objectives iii. and iv. 
relating to the environmental effects of cod farming were de-prioritised. 
 
As a result of the increased prioritisation of objectives i. and ii., an additional 
milestone was added to the project in the form of additional benthic faunal 
sampling in July 2006. This was co-funded by the EU Framework 6 project 
ECASA (URL 1), and would not have been possible without this co-funding and 
continued support from No Catch Ltd. The aim of this additional survey was to 
obtain data when the farm was at maximum biomass and to further test the 
model. 

10 
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2.3 Description of methodology employed 

2.3.1 Benthic surveys 
Station locations are shown below in Table 3, and in relation to the cage group in 
Figure 1. Stations for the 2005 and 2006 surveys are the same regulatory 
monitoring stations used by Williamson (2004) in a benthic assessment in 2004. 
Monitoring stations were located as recommended by SEPA guidelines (Anon., 
2005). At some stations, differences between GPS positions between surveys 
were apparent. In these cases, a relative distance approach was adopted (e.g. 0, 
25 m, 50 m, etc.) as described by Cromey et al. (2000). These locational 
differences are most likely attributable to cage movement by the site operator. 
 
Table 3. Vidlin station locations. N = north, S = south, C =  reference, and the number following N 
or S refers to distance (m) from cage edge. 

 2005 and 2006 surveys  2004 survey 
Station Lat. Lon. Depth (m) Lat. Lon. Depth (m)
N0 60˚23.385N 1˚07.205W 29 60˚23.313N 1˚07.247W 30 
N25 60˚23.398N 1˚07.182W 28 60˚23.316N 1˚07.219W 29 
N50 60˚23.408N 1˚07.165W 25 60˚23.322N 1˚07.201W 26 
S25 60˚23.152N 1˚07.420W 17 60˚23.179N 1˚07.535W 18 
S50 60˚23.123N 1˚07.456W 16 60˚23.168N 1˚07.551W 16 
C1 60˚23.578N 1˚06.917W 32 60˚23.577N 1˚06.914W 33 
C2 60˚22.881N 1˚07.463W 17 60˚22.882N 1˚07.462W 17 
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Figure 1. Study area showing cage group and sample station layout (image © DigitalGlobe). 

 
Two benthic surveys of the Vidlin Voe cod farm were carried out. The first was 
during the period 2-3/08/2005 and the second during 25-26/07/2006. Sediment 
sampling was via 0.1 m2 van Veen grab (Stubbs et al., 1987) from a No Catch Ltd 
fish farm boat on both occasions. Redox  measurements (Zobell, 1946; Pearson 
& Stanley, 1979) were taken from core sub-samples (i.d. = 0.057 m; depth = 0.14 
m) from van Veen grabs (duplicates at each station; only 1 core per grab to avoid 
pseudo-replication), and readings taken every 0.5 cm until  a sediment depth of 4 
cm, after which 1 cm intervals were used. A Palmer stand (Hodgkin, 1938) was 
used to accurately measure probe depth within sediment, and the probe was 
recalibrated in Zobell’s solution between cores. 
 
Macrofauna were collected from replicate 0.1 m2 grabs per station, sieved on 
board over 1 mm mesh using round mesh sieves and sieve table, and the residue 
preserved in ca. 10 % buffered (with excess borax) formal saline and rose bengal 
as vital stain. 
 
Samples for Loss On Ignition (LOI), CHN and Particle Size Analysis (PSA) were 
obtained as sub-cores (i.d. = 0.057 m; depth = 0.04 m) from replicate 0.1 m2 
grabs per station. Loss On Ignition followed the method described by Loh (2005), 
viz. accurately weighing, ashing at 250 °C for 16 hours, reweighing and then 
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ashing to 500 °C for 16 hours. The weight loss of the sediment at the two 
temperatures is related to the relative amounts of labile and refractory organic 
matter, instead of merely giving the more common value for ashing at 500 °C 
alone (see Annex 1). 
 
Particle size analysis was performed on bulk wet sediment (2 g samples). The 
analyses were obtained using a laser diffraction particle size analyser (Coulter 
Counter LS230, Beckman Coulter, Inc., Fullerton, CA, USA) (Pye & Blott, 2004). 
Sodium hexametaphosphate (20 ml) was added to each suspension to inhibit 
flocculation. Each sample was analysed 3 times, after 5 minutes of ultrasound 
treatment. 
 
Organic carbon (CHN) samples were frozen, lyophilised, ground and acidified to 
remove inorganic carbon (Tung and Tanner, 2003) prior to analysis by LECO 
CHN-900 auto analyser (LECO Corporation, St. Joseph, MI, USA). 
 

2.3.2 Cod faecal settling experiments 
The faecal settling trials took place during the period 10-11 February 2005, at the 
experimental aquaria of Ardtoe Laboratory, Ardtoe, near Acharacle, Scotland. 
Cod faecal material, collected from 293 g average weight cod [n = 25 fish, fed on 
a diet of 7 mm Skretting  (Cod Europa)] was introduced into a square section 
perspex settling column (l = 1.9 m, i.d. = 0.1 m), filled with sea water (sal. = 34.5 
psu, T=12 ˚C) (Figure 2). The particles were introduced sub-surface and allowed 
to settle in the column. After cessation of acceleration approximately 1 m from the 
surface, settling rates were then determined over the next 0.05 m. 
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Figure 2. Settling column and video camera setup at Ardtoe Labortories 

 
The video camera (Sanyo VCC-4592P, Sanyo Electric Co. Ltd, Osaka, Japan) 
was mounted on a tripod 0.123 m from the column, illuminated indirectly by 
incandescent light, and the video signal recorded on a Panasonic 6730  VCR 
(Matsushita Electric Industrial Co., Ltd, Kyoto, Japan). The  S-VHS analog tape 
was converted to digital format using WinFast PVR (Leadtek Research Inc., 
Fremont, CA, USA). Digital analysis of elapsed time over the measured distance 
was performed in MotionRead (Dr R.S. Batty, SAMS, UK), and particle 
dimensions determined using screen grabs (Figure 3) exported to MacDraw Pro 
(FileMaker Inc., Santa Clara, CA, USA). Velocities were calculated in Excel X for 
Mac (Microsoft Corp., Redmond, WA, USA). 
 
 

14 



Cod Farming Final Report 

 
Figure 3. Screen grab of video image showing cod faecal particles in settling column. 

 
To ensure that random particles were selected for velocity analysis, the random 
number generation in Excel was used to calculate random numbers which were 
then linked to elapsed time. The particle closest to the start line on the settling 
column at each randomly selected time was then tracked over the 0.05 m 
distance and elapsed time taken from the differences in frame number (25 frames 
s-1). 
 

2.3.3 Feed pellet settling velocity 
As pellets differ in terms of brand, lipid content and diameter, which all affect 
settling velocity, a range of pellets were used in the experiments. Five brands 
were tested of type Skretting Co-Europa (3, 5, 7, 9, 13, 17 mm), BioMar 
Biomarine (2, 3, 4.5, 6.5, 9, 12 mm), EWOS (4, 7, 10, 12 mm), the halibut diet 
Skretting Euro special H13, H17 (13, 17 mm) and Soya substitute 36 %, 24 % 
and 12 % (all 7.5 mm). Of these diets, Co-Europa and Biomarine are cod diets, 
EWOS a haddock diet (a basic marine diet with less lipid = 12 %) and Euro 
special, a halibut diet. Soya substitute diets were balanced to be isonitrogenous 
and isocaloric with normal full marine based diets and were manufactured 
especially by SSF Fiskeriforskning, Norway. Biomarine is the diet brand currently 
being used at the Vidlin site. 
 
The experiments were performed in the same settling column described in 
Section 2.3.2 containing ambient seawater (34.5 psu, 11.5 °C). The pellets were 
individually entered at the top of the column, allowed to sink over 0.40 m to a 
marker on the column. Settling rate was recorded over a 0.88 m descent to a 
second marker fixed to the column. Measurements were made using a stopwatch 
with precision to 0.01 seconds and results expressed as cm s-1. 150 pellets were 
used for each pellet type, with the exception of Co-Europa 17 mm (n = 63) and 
Soya substitute 12 and 24 % (n = 25). Floating pellets were eliminated from the 
experiments, although the percentage of “float” was recorded for each brand and 
pellet size. 
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2.3.4 Cod and haddock faeces collection experiments 
Three circular tanks of 1.6 m3 capacity were adapted with a waste feed collector 
fitted to the outflow (Figures 4 & 5). This had an adjoining 75 L tank with a 
collecting sump for settlement of faeces in the slack water flow. 
 
The first trial commenced on 21 March 2005 and involved 54 cod of 310, 271 and 
296 g mean weight respectively in the three separate tanks. The second trial on 6 
April 2005 included 60 haddock in each of three tanks of 176, 172 and 182 g 
mean weight respectively. The cod and haddock were transferred to the three 
tanks 7 days before each experiment started for acclimation. One week prior to 
this, the feeding regime of fish was changed from feeding every 3 days to feeding 
daily; therefore fish were in a ‘commercial feeding regime’ for two weeks prior to 
the trial starting. 
 
The feed used was 7 mm Skretting Co-Europa diet 18 % lipid for the cod and 7 
mm EWOS Marine diet 12 % lipid for the haddock, fed to appetite each day over 
30 min. until feeding response declined. The uneaten pellets were siphoned from 
the tanks and the weight of uneaten pellets deducted from the weight offered. 
The assessment of faecal output was carried out over a continuous 3 day trial 
period simultaneously in the three tanks. Fish were fed at 09:00 on days 1, 2 and 
3 with collection of faeces at three hour intervals between 09:00 and 21:00 each 
day. 
 
Faeces were collected by siphoning into a 5 L bucket from the collector walls and 
working down to the sump of the collector where most of the material was 
deposited. The container with faeces and seawater was transferred to a 
laboratory where the contents were decanted onto a sieve located over an air 
suction unit and the faeces collected on glass microfibre filters. The samples on 
labelled pre-weighed filter papers were placed in tin foil trays and the contents 
dried in a Gallenkamp laboratory drying oven for 24 hours at 60 °C. The weight of 
the carbon fibre filter plus contents was measured and dry weight of faeces 
calculated. The filters were frozen at –25 °C and stored for further analysis. The 
weight of all fish was recorded at the end of the 3 day trial to 0.1 g. 
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Figure 4. Experimental set up used for faecal collection experiments at Ardtoe Laboratory. 

 

 
Figure 5. Faecal output experimental set up showing tank and collector (left), faecal material 
retained in the sump (top right) and filtered faecal material ready for drying (bottom right). 

 

2.3.5 Modelling 
DEPOMOD is an aquaculture impact model developed and validated for North 
Atlantic salmon farms (Cromey et al., 2002). The model predicts the benthic 
faunal impact associated with flux of waste material from marine cages. The 
MERAMOD model was developed from the DEPOMOD model and validated for 
sea bass and sea bream farms in the Eastern Mediterranean (URL 2 – 
MERAMED). Figure 6 shows the stages involved in taking an existing model and 
developing it for a new species and environment and this was used in the 
development and validation of MERAMOD from DEPOMOD. This involved 
adaptation of a model primarily designed for macro-tidal North Atlantic salmon 
farms to an impact model of micro–tidal Eastern Mediterranean sea bass and 
bream farms. 

17 

http://meramed.akvaplan.com
http://meramed.akvaplan.com


Cod Farming Final Report 

DEPOMOD was used as the basis for CODMOD. The main effort has focussed 
on obtaining model input data specific for cod, which were identified as important 
in the early stages of the project by sensitivity analysis. Measurements on settling 
rates of cod faeces, feeds and faecal outputs described previously were 
prioritised. 
 
Validation of DEPOMOD and MERAMOD involved three stages: particle tracking 
model validation which is dispersion of particles from sea surface to sea bed; 
resuspension model validation in DEPOMOD which erodes and redeposits bed 
particles in response to near–bed current speed thresholds (Cromey et al., 2002); 
and benthic response model validation which relates a benthic response to solids 
waste flux (g solids m-2 yr-1). The main validation priority for CODMOD was the 
benthic module, as validation of the particle tracking components was 
satisfactorily undertaken with DEPOMOD and MERAMOD. The resuspension 
model predictions in CODMOD were tested in a sensitivity analysis. 
 
 

Identify important absent processes and
prioritise if necessary

Develop capability

Identify important absent input data
and measure

Test sensitivity

Model validation studies and testing

Feedback
and refine
priorities

Test overall model sensitivity

Make model available (with clearly
defined capabilities and limitations)  

Figure 6. CODMOD development and validation ethos used throughout this project. 

 

2.3.6 Model components 
CODMOD is made up of six modules: grid generation, fish bioenergetics, particle 
tracking, resuspension and benthic faunal response. A grid containing information 
on depth, cage and sampling station positions for the area of interest is required. 
Given wastage rates of fish food and faeces from the bioenergetics model and 
hydrodynamic data and settling velocity of wastes, initial deposition of particles 
on the sea bed are predicted with the particle tracking component. A 
resuspension model (Cromey et al., 2002b) then redistributes particles according 
to near–bed current flow fields to predict net solids accumulated on the sea bed. 
Finally, some impact assessment is required and this is undertaken by correlating 
predictions of a physical aspect of the waste (e.g. solids flux – g m-2 yr-1) with a 
benthic faunal indicator of impact. 
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CODMOD was used to predict the flux and benthic impact at the Vidlin cod farm 
for three different periods during the growing cycle corresponding with benthic 
macrofaunal surveys. The model was used to predict flux and benthic impact in 
May 2004, August 2005 and July 2006, and these were compared with the 
observed Infaunal Trophic Index (ITI). Model predictions were made for these 
dates using the best available information on husbandry data, cage layout and 
using cod experimental data for food and faecal settling rates and faecal outputs. 
 
No modification was made to the benthic response model in CODMOD as a 
result of the additional tests. In this approach, we assume that the benthic 
response to solids flux is primarily dependent on the magnitude of flux and 
associated modification of sediment chemistry. i.e. the magnitude of flux is 
important irrespective of whether the source of waste feed and faecal material is 
from a cod or salmon farm. By undertaking experiments with cod to determine 
species specific model input data, we assume that the accuracy of flux 
predictions is much higher than if salmon model input data were used. 
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Figure 7. Flow of information through CODMOD based on the DEPOMOD model (Cromey et al., 
2002). 

 

2.3.7 Model input data for Vidlin 
Bathymetry was taken from Admiralty chart 3282 and cage layout information 
was provided by the farmer and site surveys. There was some uncertainty on the 
position and rotation of some of the cages, but as much cage information as 
possible was confirmed at the time of surveys. The northern 6 cages are Vidlin 
Outer and the remaining cages are Vidlin North (Figures 8 & 9). 
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Figure 8. CODMOD model grid for Vidlin cod farm for 2004 and 2005 scenarios (squares are 
cage centres). All cages are 32 m diameter * 15 m depth. Spacing between cage edges is 9 m. 

 

 
Figure 9. DEPOMOD model grid for Vidlin cod farm for the 2006 scenario (squares are cage 
centres). All cages are 32 m diameter * 15 m depth. Spacing between cage edges is 9 m. 

 
Feed input data provided by the farmer were used in the model scenarios for 
each of the survey dates. Data were provided as monthly summaries for both 
Vidlin Outer and Vidlin North, adjusted to daily rates and distributed evenly 
across all cages. In assessing these husbandry data, an average value of up to 
three months is taken depending on the trends in biomass and feed input around 
the time of benthic survey. Feed input data are not specified in this report as 
these data are commercial in confidence (Table 4). 
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A measured faecal output rate of 8.2 % of food consumed per day was 
represented in the model using a digestibility and water content of 91 % and 9 % 
respectively [= (1 - 0.91)*0.91 = 0.082]. 
 
From husbandry data supplied by the farmer, a settling velocity for the pellet size 
in use was selected for the 2004 and 2005 scenarios. For the 2006 scenario, 92 
% of the feed mass used was made up of 6.5, 9 and 12 mm feeds and so a mean 
and standard deviation of all these three pellet sizes were used. 
 
A cod faecal settling velocity distribution was used as described in Table 4. 
Sensitivity testing was undertaken using a weighted mean instead of the 
distribution, and no change to model performance was found. Thus, to simplify 
scenarios a single weighted mean settling velocity may be used. 
 
Modelling scenarios were undertaken with the resuspension model switched on 
to obtain predictions of waste feed and faecal flux at the sea bed (g solids m-2 
yr-1) and ITI. Predictions were made for each of the sampling stations along the 
north transect (N0, N25, N50), south transect (S25, S50) and 2 reference 
stations. 
 

Table 4. Input data used for modelling of Vidlin cod farm for three scenarios. 
Input data Value Source 

Scenario May 2004 August 2005 July 2006 Admiralty chart 
Bathymetry 0 – 35 m Anon. 2001 
Hydrographic survey date November 2001 Anon. 2001 
Instrument type Nortek 500 kHz ADCP Anon. 2001 
No. of current velocity data sets used 3 Anon. 2001 
Height of moorings above sea bed (m); total 
depth 

25.7, 13.7, 4.7; 30 Anon. 2001 

Length of current velocity record (days); 
model time step (mins) 

15; 60 Williamson 2004 

Sampling stations 0, 25, 50 m (N0, N25, N50) 068º; 25, 50 m (S25, 
S50) 215º 

Williamson 2004 and 
survey 

Months used for FI May 2004 Jun-Jul 2005 May-July 
2006 

 

Biomass (tonnes): 
  Vidlin outer (6 cages) 
  Vidlin north (11 cages) 

 
87 in total 

 
181 
304 

 
1390 

Farmer 

Feed pellet size (mm) 6 mm 9.0 and 12 
mm 

9.0 and 12 
mm 

Farmer 

Food water content (%) 9 Default – note A 
Digestibility (%) 91 Measured – note A 
Food wasted as % food fed (%) 5 Default – note B 
Food settling velocity (cm s-1): Mean, sd 9.0, 1.6 Measured 
Faecal settling velocity (cm s-1) 0.8 (4.7%), 1.3 (17.9%), 2.5 (16.4%), 5.0 (61.0%) Measured – note C 
Dispersion coefficients kx, ky , kz (m2 s-1) 0.1, 0.1, 0.001 Default 
Trajectory evaluation accuracy (s) 60 Default 
Mean tidal height (m) 1.3 Admiralty tide tables 
Notes: 

A. A digestibility and water content of 91 % and 9 % respectively is equivalent to the measured cod faecal output 
rate of 8.2 % of food consumed per day (= (1-0.91) *0 .91 = 0.082). 

B. This is unknown for cod and is the same value as used in regulatory modelling of salmon farms. 
C. e.g. 4.7 % of particle released by mass had a settling velocity of 0.8 cm s-1, etc. 

 
Hydrographic data measured at the site indicated current residuals were to the 
north east mid-water and near-bed (seaward), with a particularly strong residual 
at the sea bed (Table 5; Figures 25 - 28) (Anon. 2001). Surface residual was to 
the south west (landward) and near–bed current was unusually stronger than 
surface current. 
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Table 5. Summary statistics for surface (4.3 m), mid-water (16.3 m) and near-bed (25.3 m) current 
measured using a Nortek 500 kHz ADCP (Anon., 2001) (length 15 days: 31/10/01-15/11/01). 

Instrument 
depth 

Max Speed 
(cm s-1) 

Mean Speed 
(cm s-1) 

Residual Direction 
(˚True) 

Residual Speed 
(cm s-1) 

Surface 17.7 4.7 220 2.4 
Mid-water 21.4 5.2 50 1.0 
Near-bed 20.0 6.9 44 3.4 
 

2.4 Detailed description of scientific/technical achievements – fieldwork 
and laboratory experiments 

2.4.1 Benthic surveys 
Detailed analysis of the macrofaunal and physical characteristics of the seabed 
surrounding the study site was undertaken in 2005 and 2006. 
 

2.4.1.1 Benthic survey 2005 
Sedimentary conditions next to the cage group on the northern transect, as 
measured by redox potential, were not extremely reducing in 2005, both in terms 
of absolute value (mean = –120 mV) at depth or depth of the redox potential 
discontinuity (RPD), ca 0.5 cm sediment depth (Figure 10). This appears to be a 
slight deterioration in the conditions relative to those measured by Williamson 
(2004) (-112.5 mV, 4 cm depth), when 87 t of cod were reported on site. The 
elevation of the RPD next to the cages was not a significant deterioration, and 
was similar to redox conditions around Scottish salmon cage sites (Pearson & 
Black, 2001; Pereira et al., 2004), and is probably due to the increased biomass 
on the site (484 t in 2005). 
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Figure 10. Redox potential profiles (corrected) of the sediment core samples from stations along 
the northern transect in 2005. 

 
Further along the northern transect, redox conditions at 25 m from the cage edge 
did change markedly from 2004 – 2005, the RPD remaining ca 3 cm deep, and 
the minimum value improving. This situation did not extend to 50 m from the cage 
edge on the northern transect, where the RPD was elevated from 4 cm depth to 2 
cm, and the minimum value of –86 mV decreased to –102 mV. As with all redox 
and physico-chemical measurements obtained from small numbers of grabs and 
cores, the variance between samples can be large, due to spatial patchiness and 
lack of heterogeneity. Additionally, these values (redox and RPD depth) are not 
excessive when compared with sedimentary values at intermediate distance to 
marine salmon farms (Pereira et al., 2004). 
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Figure 11. Redox potential profiles (corrected) of the sediment core samples from stations along 
the southern transect in 2005. 

 
On the southern transect (Figure 11) there was no cage-edge station, in 
accordance with SEPA guidelines (Anon., 2005). The 25 m station on this 
transect showed an increase in organic enrichment in 2005, compared to 2004 
(min. value = –44 mV, RPD = -5.5 cm in 2004; min. value = -99 mV, RPD = –1.0 
cm in 2005). The reference stations (Figure 12) showed little change in redox 
conditions between 2004 and 2005, remaining positive through nearly the entire 
sediment core. This would indicate there is no increase in enrichment of the 
entire voe in this time period. 
 

 

C1 1-10
-9
-8

-7
-6
-5

-4
-3
-2
-1
0

1
-250 -150 -50 50 150 250 350 450

Eh (mV)

-10
-9

-8
-7
-6

-5
-4
-3
-2
-1

0
1
-250 -150 -50 50 150 250 350 450

C1 2

-10
-9
-8
-7
-6
-5
-4

-3
-2
-1

0
1
-250 -150 -50 50 150 250 350 450

SE
D

IM
EN

T 
D

EP
TH

 (c
m

)

C2 1 -10
-9

-8
-7
-6
-5
-4
-3
-2
-1

0
1
-250 -150 -50 50 150 250 350 450

C2 2  
Figure 12. Redox potential profiles (corrected) of the sediment core samples from the reference 
stations in 2005. 

Organic carbon content (CHN) of the sediment is a much more precise and direct 
means of monitoring enrichment compared with redox potential. Unfortunately 
there are no CHN data from Williamson (2004) to compare with 2005. However, 
surficial CHN levels were very low and uniform along both transects for 2005 
(Table 6). These 2005 organic carbon levels compare with <5 % found in 
surficial sediments in Loch Harport near a distillery discharge (Nickell & 
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Anderson, 1997); >10 % in Loch Fyne adjacent to a salmon farm (Nickell et al., 
1998); and 7.4 % in upper Loch Etive, an area unassociated with fish farming 
(Ridgway & Price, 1987). These CHN values reinforce the redox findings above, 
viz. the 384 t biomass on-site in 2005 was not overly enriching Vidlin Voe. 
 
(N.B. carbon:nitrogen ratios have not been presented; their use elsewhere to 
ascribe origin to organic matter has been largely discredited [G. Cowie, G.B. 
Shimmield, pers. comm.]; other techniques such as lipid biomarkers and 12C:13C 
ratios which may be useful in ascribing origin were beyond the scope of this 
study). 
 
Table 6. Organic carbon and nitrogen (% dry weight) in the top 40 mm of sediment in 2005. 

Station % Carbon % Nitrogen
N0 1.2 0.14 
N25 1.2 0.15 
N50 1.2 0.15 
S25 1.5 0.15 
S50 1.0 0.13 
C1 0.9 0.12 
C2 1.1 0.13 

 
One of the principal concerns involving organic enrichment is the effect on the 
benthic community. From the summary data presented in Table 7, there was 
clearly a gradient away from the cage group along the axis of the NE residual 
current. The N0 station was slightly impacted in terms of number of species (S), 
with relatively low abundance of individuals m-2 (A), and the ITI score indicating a 
“changed” community. Additionally, all of the N0 summary values show a decline 
from those recorded in the 2004 survey (Williamson, 2004). In contrast, the 2005 
population data from the 25 and 50 m stations on the northern transect show 
increases in S, A, Shannon diversity H', with only the ITI scores at these outer 
stations showing deterioration in conditions when compared with 2004 data. 
 
From the summary data in Table 7, the southern transect stations show moderate 
impact in S, A, H' and ITI in 2005, although the values are roughly similar to 
those found by Williamson (2004), with the exception of ITI values showing some 
increased impact in the 2005 study. 
 
Table 7. Summary of the faunal population data from 2005. S = number of species/taxa, A = total 
abundance (individuals m-2), H' = Shannon Diversity Index (calculated log2), J = Pielou’s 
Evenness (calculated log2), and ITI = Infaunal Trophic Index (score 0 = impacted, 60+ = normal). 

Station S A H' J ITI
N0 14 690 3.09 0.74 42 
N25 25 1610 3.50 0.69 41 
N50 47 3790 4.20 0.69 39 
S25 17 1040 3.63 0.78 43 
S50 20 1930 3.37 0.69 58 
C1 57 3730 4.89 0.78 56 
C2 20 4280 2.09 0.42 45 

 
The reference station C2 shows some signs of impact in terms of the biological 
community, with low values of S, H' and ITI. 
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Table 8. The dominant species at each station (% of total abundance and rank) for the 2005 
survey 

Taxa N0 N25 N50 S25 S50 C1 C2 
 % R % R % R % R % R % R % R 
Moerella pygmaea 32.6 1 16.0 2 1.2 13 7.2 6 34.0 1 0.1 41 18.6 2 
Capitella sp. 21.0 2 1.7 11 3.3 10 14.4 2 5.7 5 6.0 5 0.2 12 
Nephtys hombergi 11.6 3 2.4 9 0.4 24 12.0 3 4.7 8 2.1 10 1.5 7 
Nephtys longosetosa 7.2 4 1.1 13 0.5 22       1.2 8 
Abra alba 5.1 5 1.7 11 2.0 12 6.3 7 4.9 6 0.1 41 0.2 12 
Thyasira flexuosa 4.3 6 19.8 1 26.8 1 21.2 1 15.1 2 16.0 1 60.8 1 
Chaetozone setosa 2.9 8 7.5 4 6.6 4 1.4 8 1.3 12 1.2 18   
Ophryotrocha hartmanni 2.2 8 5.9 6 5.7 5   0.5 16 0.5 32   
Leitoscoloplos mammosus 1.4 11 4.8 7 5.7 5 11.5 4 7.3 3 4.8 6 2.6 5 
Ampelisca tenuicornis 0.7 11 4.0 8 3.6 8 8.7 5 3.1 9 0.1 41 5.5 3 
Spio filicornis 0.7 11 0.5 15 1.1 15       0.5 9 
Prionospio sp.   14.1 3 11.6 2     1.2 18 3.5 4 
Tubificoides benedeni   6.0 5 4.0 7       0.4 9 
Oligochaeta spp.   0.3 15 6.7 3         
Sabellidae spp.   0.5 15   1.0 15   10.6 2   
Scalibregma inflatum     0.7 20     6.3 4   
Lumbrineris sp.       0.5 15   7.2 3   
Ampelisca brevicornis         6.5 4     

 
Examination of the dominant taxa in 2005 (Table 8) in conjunction with the 
summary statistics (Table 7) gives the clearest indication of the effects of cod 
farming on the benthos. The dominance of the venerid bivalve Moerella pygmaea 
at the cage edge on the northern transect would suggest that this is a wave 
dominated, sand/gravel biotope subjected to strong water movement and not 
especially enriched. However, the presence of the opportunistic polychaete 
Capitella sp. as the second most numerically dominant species would indicate 
that this community was also undergoing a change in conditions. In contrast, 
Williamson (2004) found this station dominated by the polychaete Nephtys 
hombergi (24 % total abundance) and the amphipod Perioculodes longimanus 
(16 % total abundance), neither of which are indicative of impacted conditions 
encountered at other Scottish aquaculture sites (Nickell et al., 1995). 
 
At the N25 station in 2005 (Table 8), the macrofaunal community was dominated 
by the bivalves Thyasira flexuosa and M. pygmaea, followed by the polychaete 
Prionospio sp. Thyasira flexuosa is commonly found in lightly enriched conditions 
around salmon farms, while Prionospio sp. is typical of moderately enriched 
conditions (Nickell et al., 1995), which would again indicate that this near-field 
station was undergoing change. In 2004, the bivalve Abra alba was dominant (23 
%), followed by P. longimanus (16 %) (Williamson, 2004), indicating that this 
station was only slightly impacted in 2004. 
 
Station N50 showed little change in dominant species at the 25 m station in 2005 
(Table 8), as was the case in the 2004 survey (Williamson, 2004). 
 
The two stations on the southern transect, S25 and S50, displayed similar 
dominant species in 2005, T. flexuosa ranked 2 at 25 m and 1 at 50 m. The other 
dominant species at these two stations (Table 8) were characteristic of either 
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moderately or lightly enriched conditions (Nickell et al., 1995). The dominant 
species at these stations in 2004 was the bivalve Mysella bidentata, which is not 
generally indicative of enriched conditions, preferring more sandy/gravelly 
habitats. Additionally, even though some of the species listed as dominants along 
both the southern and northern transects in 2005 may be characteristic of 
organically enriched sediments, they were not dominated by polychaete taxa, the 
dominance of which is a strong indicator of enrichment. 
 

2.4.1.2 Benthic survey 2006 
There were substantial changes in the redox conditions from 2005-2006 at the 0 
m station (2005 min value -120 mV, -0.5 cm RPD; 2006 min value –52 mV, -4.0 
cm RPD), indicating a reduction in the amount of organic matter reaching the 
seabed at the northern end of the cage group. The northern transect as a whole 
experienced reduced organic enrichment as measured by redox potential (Figure 
13), with higher minimum values at the 25 and 50 m stations (15 and 8 mV 
respectively) and no RPD (average values were not negative) compared with 
2005 values (see Section 2.4.1.1 above). 
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Figure 13. Redox potential profiles (corrected) of the sediment core samples from stations along 
the northern transect in 2006. 

 
Changes in redox conditions along the southern transect (Figure 14) were mixed 
in 2006, with minimum values (-12 mV min., -7.0 cm RPD at S25;  -56 mV min., -
1.0 cm RPD at S50). Given that the biomass of cod on site had roughly tripled in 
this period from 484 t to 1390 t with attendant increases in food and faeces to the 
seabed, a large deterioration in sediment redox would have been expected. 
Interestingly, it would appear from the similar redox conditions at the N0 and S50 

28 



Cod Farming Final Report 

stations that the main deposition from the cages to the seabed is to the 
southwest, and not northeast as the residual current would lead one to expect. 
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Figure 14. Redox potential profiles (corrected) of the sediment core samples from stations along 
the southern transect in 2006. 

 
Some indication of a general enrichment of the voe since the 2005 survey can be 
seen in the redox values from reference stations C1 and C2 in 2006 (Figure 15), 
which both showed a decrease in RPD depth. 
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Figure 15. Redox potential profiles (corrected) of the sediment core samples from the reference 
stations in 2006. 

 
Organic matter content along the survey transects, as determined by LOI, is 
presented in Table 9. These data show, contrary to expectations, no strong 
gradient of organic matter away from the source of enrichment (the cage group), 
rather an elevated level of enrichment with a pronounced peak at the S25 station. 
Not surprisingly apart from the reference station C1, most of the organic material 
is labile in nature, suggesting (but not establishing) fish farm origin, while the C1 
station is perhaps more enriched with refractory plant material. 
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Table 9. Organic matter values determined by LOI for 2006. 

   % total OM  
 % labile % refractory  = labile OM  Mean 

Sample OM OM + refractory OM % total OM 
 N0 1 3.76 0.43 4.19 
 N0 2 3.54 0.22 3.77 

3.98 

 N25 1 4.92 0.97 5.89 
 N25 2 3.60 0.56 4.16 5.02 

 N50 1 4.16 0.25 4.42 
 N50 2 3.91 0.19 4.10 4.26 

 S25 1 8.10 0.64 8.74 
 S25 2 12.30 0.31 12.61 10.67 

 S50 1 6.39 0.33 6.72 
 S50 2 5.08 0.90 5.98 6.35 

 C1 1 5.67 1.05 6.73 
 C1 2 5.37 0.78 6.15 6.44 

 C2 1 5.27 0.64 5.90 
 C2 2 4.07 0.30 4.37 5.14 

 
Organic carbon values were also measured in 2006, and follow roughly the same 
trends observed for OM (Table 10): 
 
Table 10. Organic carbon determined by CHN in 2006. 

Station % Carbon % Nitrogen
N0 1.04 0.16 
N25 1.09 0.15 
N50 1.11 0.13 
S25 3.79 0.41 
S50 1.97 0.23 
C1 1.32 0.18 
C2 1.11 0.16 

 
Particle size analysis (PSA) was performed in 2006 and the data are presented 
below in Table 11. The data show a marked change from the 2004 survey 
(Williamson, 2004), with an increase in mean particle size throughout the voe. 
There was also an attendant increase in the standard deviation of mean particle 
size. It is likely that the increase in medium sized particles in the voe is due to fish 
farm derived waste. There was also a corresponding decrease in fine particles (% 
<63 µm) compared with 2004, apart from the two reference stations, which 
showed an increase in the proportion of fine particles. 
 
Table 11. Summary PSA data from Vidlin Voe in 2006. 

 Station 

Parameter 0 m N 25 m N 50 m N 25 m S 50 m S C1 C2 
>2 mm (%) <1.0% <2.0% <1.5% <1.0% <1.5% 0 <1.0% 
<63 µm (%) 12.32 15.44 12.65 12.77 19.26 34.06 27.99 
Mean (mm) 0.37 0.40 0.37 0.28 0.31 0.26 0.25 

Std Dev. (mm) 0.39 0.46 0.41 0.32 0.39 0.33 0.37 
Phi 1.45 1.31 1.42 1.86 1.71 1.95 2.01 

Wentworth 
Classification 

Medium 
Sand 

Medium 
Sand 

Medium 
Sand 

Medium 
Sand 

Medium 
Sand 

Medium 
Sand 

Fine 
Sand 
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The biological community data from the 2006 survey are summarised in Table 
12. These data show evidence of an increase in enrichment at all stations in 
Vidlin Voe. The cage edge station on the northern transect (N0) showed a 
decrease in the number of species compared with 2005, with an attendant rise in 
the number of individuals. This is a classic manifestation of the effects of organic 
enrichment of the benthos (Pearson & Rosenberg, 1978), and is confirmed by the 
extremely low diversity measure (H') and evenness (J), showing the dominance 
of the sample by large numbers of individuals of a few species. The low ITI score 
places this station in the “degraded” category, due to its dominance by 
subsurface deposit feeders. All diversity measures at Station N0 (except for total 
abundance, see above) showed a deterioration in conditions compared with 
2005. 
 

Table 12. Summary of the faunal population data from 2006. S = number of species/taxa, A = 
total abundance (individuals m-2), H' = Shannon Diversity Index (calculated log2), J = Pielou’s 
Evenness (calculated log2), and ITI = Infaunal Trophic Index. 

Station S A H' J ITI 
N0 13 10310 0.48 0.13 1 
N25 22 4580 1.28 0.29 4 
N50  19 830 3.71 0.87 55 
S25 3 69070 0.33 0.21 <1 
S50 12 1355 2.29 0.64 16 
C1 46 1585 4.93 0.89 58 
C2 9 510 2.05 0.65 41 

 

In 2006, Station N25 displayed marked improvement over the cage edge station 
in all of the summary population statistics (Table 12). The decrease in the 
number of individuals compared with the N0 station would indicate that the 
enrichment effects of the cage had started to decrease at this point, although 
when compared with the previous year’s data, this station has also been subject 
to disturbance. 
 
At 50 m from the cage edge on the northern transect, S and H' decreased in 
2006, compared with 2005 data (Table 7), although diversity, evenness and ITI 
measures show improvement along the gradient from the preceding station N25. 
 
The stations on the southern transect show the most marked degradation in the 
biological community, with 2006 values indicating gross organic enrichment at the 
25 m station, which is confirmed by the value of 10 % organic matter by weight of 
the sediment (Table 9), although not reflected in the redox values. Only 3 species 
were present, completely dominating the sample with almost 70000 individuals 
m-2, all of which were sub-surface deposit feeders (yielding the low ITI score). 
 
Station S50 showed more mixed population response, with the numbers of 
species and ITI lower than the previous year, while other measures of diversity 
remained roughly the same. There was, however, a marked gradient of effect 
from the preceding station S25 on this transect, with all measures showing 
improvement. 
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The reference station C1 showed rough similarity with the preceding year’s 
survey in terms of most diversity measures except for abundance of individuals, 
which nearly halved. The second reference station C2, however, underwent a 
substantial degradation in S, A and ITI. 
 
Examination of the dominant taxa from the 2006 survey (Table 13) shows the 
community along the northern transect to be dominated by the opportunistic 
polychaete Capitella sp., ranking 1 at each station, although decreasing in 
relative abundance from ca 91 % to ca 37 % with distance from the cage edge. 
The enrichment of station N0 is further displayed by the high rank of Malacoceros 
fuliginosus and Nematoda sp., both of which are indicative of highly enriched 
sediments (Nickell et al., 1995). The deterioration in station N50 noted above is 
reinforced by the dominance of Capitella sp., as well as the presence of taxa 
indicative of moderately enriched sediments (Prionospio fallax, Chaetozone 
setosa, Abra alba, Cirratulidae sp.) (Nickell et al., 1995). 
 
The southern transect station S25 showed classic evidence of enrichment in the 
dominance of its taxa by Nematoda spp., Capitella sp. and Malacoceros 
fuliginosus (Table 13), although somewhat surprisingly Capitella sp. was ranked 
second in 2006, not first. At the next station away from the cages, S50, Capitella 
sp. had become the dominant species and Nematoda spp. second most 
numerically dominant, with the other taxa in the population largely indicative of 
enriched conditions. 
 
Interestingly, the two reference stations, even though widely separated and in 
different water depths (Figure 1; Table 3) were numerically dominated in 2006 by 
the bivalve Thyasira sp. (Table 13). 
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Table 13. The dominant species at each station (% of total abundance and rank R) in 2006. 

 N0 N25 N50 S25 S50 C1 C2 
Taxa % R % R % R % R % R % R % R 

Capitella sp. 91.34 1 84.32 1 36.75 1 10.64 2 61.34 1   3.92 3 
Malacoceros fuliginosus 4.87 2 0.86 7   0.19 3 3.35 6   0.98 7 
Nematoda sp. 0.97 3 1.51 4   89.17 1 12.27 2   0.98 7 
Nemertea sp. 0.92 4   1.2 10         
Nephtys hombergi 0.34 5 2.92 3 12.65 3   3.35 5   13.73 2 
Caprella ciliata 0.19 6 0.43 10           
Anaitides mucosa 0.1 7             
Balanus sp.  0.1 7             
Ophryotrocha hartmanni 0.1 7             
Pholoe inornata 0.1 7             
Abra alba   0.86 8 3.01 8   7.81 3     
Ampelisca brevicornis     3.61 7       1.96 5 
Chaetozone setosa     4.82 5     2.73 7   
Cirratulidae sp.     2.41 9   1.12 8     
Jasmineira caudata           2.42 9   
Leitoscoloplos mammosus           4.55 4   
Lumbrineris sp.           3.03 6   
Moerella pygmaea             2.94 4 
Nephtys assimilis   0.54 9           
Paradonais lyra           8.18 2   
Pectinaria belgica         1.12 9   0.98 7 
Phaxas pellucidus     4.22 6   2.6 7     
Prionospio fallax     7.23 4     2.73 7 0.98 10 
Protodorvillea kefersteini   0.86 6           
Sabellidae sp.           5.76 3   
Scoloplos armiger           3.33 5   
Spiophanes bombyx             1.96 5 
Thyasira sp.   1.19 5 15.66 2   4.83 4 20.61 1 69.61 1 
Trichobranchus glacialis         0.37 10 2.12 10   
Tubificoides benedeni   3.57 2           

 

2.4.2 Cod faecal settling experiments 

2.4.2.1 Cod faecal settling rates and comparisons with other farmed 
species 

Size and settling velocity of 100 cod faecal particles were measured in the 
experiment (Figure 16). A theoretical cylinder shape was fitted to each particle, 
the smallest dimension assumed to be cylinder diameter (d) and the longest 
dimension assumed to be cylinder length (h). Thus, particle volume was 
calculated as π*(1

2 d)2
*h.  Particle settling velocity ranged from 0.6 to 8.3 cm s-1. 

Estimates of particle volume ranged from 0.3 to 148 mm3 and the mean particle 
diameter (d) was 1.6 mm and length (h) was 2.6 mm. Trendlines fitted to the 
dimension data relate particle dimension and settling velocity (vs) as follows: 
 

  vs =  0.155d2  +  0.729d (R2 =  0.84)  

  vs  =  0.0565h2  +  0.4745h (R2 =  0.85)  
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QuickTime™ and a
 decompressor

are needed to see this picture.

Figure 16. Cod faecal settling velocity data for a) particle volume and b) particle dimension 
assuming the particles are cylinders (diameter = smallest dimension, length = largest dimension 
(n = 100)). 

Settling velocity increased with particle dimension and a few large, fast settling 
particles made up the majority of the mass. Despite a numerical mean settling 
velocity of 1.7 cm s-1, 61 % of the particle mass settled faster than 3 cm s-1 (Table
14).

Table 14. Cod faecal settling velocity data distributions allowed accurate representation of the 
faecal particles in the model. The mean and standard deviation of all data is 1.72 and 1.38 cm s-1

respectively (n=100) and the weighted mean taking account of particle volume is 3.7 cm s-1.

Settling velocity (cm s-1) Particle volume 
Range Mean Standard deviation (%) n

0-1 0.83 0.08 4.7 34
1-2 1.33 0.28 17.9 41
2-3 2.46 0.35 16.4 14
3+ 5.00 1.54 61.0 11

Magill et al. (2006) summarised faecal settling data for salmon, yellowtail, sea 
bass and sea bream and reported on the different methods of faecal collection 
and sample sizes. They also proposed a method for measuring particle settling 
rates and size using video techniques and the method was followed in this study. 
Importantly, most reported mean settling rates in the literature are based on all 
data and do not show the relationship between particle size and settling velocity. 
As a result, mean values in the literature are typically skewed towards the most 
abundant, fine, slow settling particles or the most easily sampled.

Magill et al. (2006) overcame sampling and accuracy limitations with the video 
technique and showed that a mean settling velocity of 0.7 cm s-1 for bass and 
bream was an over-simplification of the data. A large proportion of the mass 
settles quicker than the mean and these large particles will cause the most 
impact. In addition, it was also found that bass faeces settle much faster than 
bream faeces, and this had implications for modelling and management of these 
species. As these species are often in adjacent cages in Eastern Mediterranean 
farms, faecal settling rates were specified for each cage depending on species 
when undertaking model validation studies. In addition, as bass faecal particles 
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settle quicker, farming bass in deeper more dispersive sites was proposed as a 
management strategy for mitigating impact. 
 

 
Figure 17. Comparison of Atlantic cod, sea bass and sea bream faecal particle settling data (n = 
100, 150, 151 particles respectively). Both cod and bass faecal particles were large and fast 
settling. No comparative particle size data available for Atlantic salmon (Magill et al., 2006). 

 
A similar importance of the relationship between settling velocity and particle size 
is emphasised here when examining the results of this study on cod. The 
numerical mean of the cod faecal settling data was 1.7 cm s-1, and when 
analysed in conjunction with particle size data, shows that 61 % of the particle 
mass has a settling velocity greater than 3 cm s-1. A weighted mean settling 
velocity of 3.7 cm s-1 results when considering the percentage distribution of the 
settling velocities in Figure 17. Comparison with other species shows that cod 
faecal particles are large and fast settling, comparable with bass faecal particles 
measured by Magill et al. (2006) (Figure 17). Salmon faecal settling rates 
reported in the literature are around 3 cm s-1 (Chen et al., 1999, 2003; Cromey et 
al., 2002) but these are average values for all data and do not have comparative 
particle size data available.  
 
The distance a particle settles from the point of discharge is dependent primarily 
on settling velocity, depth of water column and advection by current. Different 
particle trajectories result when using different representations of cod faecal 
settling data (Table 15). Using hypothetical depth, current and the detailed 
distribution of settling velocity and particle volume, particles settle between 60 
and 361 m from the farm. However, where a simplified distribution is used with a 
mean settling velocity, 100 % of all particles would settle at 174 m. The more 
accurate detailed distribution would result in 39 % of particle mass being 
deposited at distances over 100 m from the farm. With regards to deposition in 
nearer to the cages, 61 % of the mass would settle at 60 m for a 10 cm s-1  current.  
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All of the mass would be deposited at 174 m using the simplified distribution, and 
this would result in overestimated deposition in the far field and underestimated 
deposition in the near-field. 
 
Table 15. Predicted distances of faecal particles settling on the bed from point source, using 
different representations of settling data (current velocity 10 cm s-1, depth 30 m). 

Detailed distribution  Simplified distribution 
 

Settling 
velocity 
(cm s-1) 

 
% of 

particle 
mass 

 
Distance particle 

deposits on sea bed 
from cages (m) 

  
Settling 
velocity 
(cm s-1) 

 
% of 

particle 
mass 

 
Distance particle 

deposits on sea bed 
from cages (m) 

0.83 4.7 361  100 174 
1.33 17.9 226  

1.72 (overall 
mean)   

2.46 16.4 122  100 80 
5.00 61.0 60    

    

3.73 
(weighted 

mean)   
 
In conclusion, grouped settling velocity and particle volume data or a weighted 
mean should be used in modelling where possible rather than an overall mean. A 
weighted mean (3.7 cm s-1) for regulatory style and planning modelling is 
sufficient to minimise computation time and simplify model runs. 

2.4.3 Feed settling experiments 
Co-Europa cod diets had faster settling velocities than most other pellet types 
tested (Figure 18). For the three main types tested (Co-Europa, Bio-Marine, 
EWOS), the largest diameter pellets had slower settling velocities as a result of 
the large surface area causing drag. There were large and significant differences 
(p<0.05) in the settling rate of pellets produced by different feed manufacturers. 
For example, the settling rate of Skretting Co-Europa was faster at an average of 
12.4 cm s-1 compared with 9.1 cm for Biomarine and 7.5 cm for the EWOS 
haddock diet of the same size. Data for salmon feeds are also shown in Figure 
18. 
 
Some summary information for cod diets is required for general use in modelling 
impact, in particular where the pellet diameter is unknown. Given the large 
difference in settling velocity between the two cod diets Co-Europa and 
Biomarine, the data were not combined (Table 16). The Biomarine diet is in use 
at the Vidlin study site and is an organic feed whereas the Co-Europa diet is 
commonly used at cod farms in Norway. 
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Table 16. Feed pellet settling velocity data for cod diets Biomarine and Co-Europa diets 
(generalised relationships between diameter and settling velocity are shown in the table footnote). 

Biomarine  Pellet diameter (mm)  

  2 3 4.5 6.5 9 12 All data 

Mean 5.57 6.51 9.11 9.13 9.08 8.87 8.05 

Max 9.22 9.98 12.21 12.66 13.15 13.04 13.15 

Min 2.12 2.24 5.19 4.52 4.88 4.49 2.12 
Settling velocity (cm s-1) 

S.D. 1.48 1.81 1.48 1.63 1.63 1.66 2.17 
 n 150 150 150 150 150 150 900 

Co-Europa  Pellet diameter (mm)  
  3 5 7 9 13 17 All data 

Mean 9.20 8.77 12.44 15.21 15.27 12.10 12.17 
Max 12.29 12.27 16.15 20.47 19.26 18.72 20.47 
Min 2.85 3.93 5.34 8.83 11.84 7.70 2.85 

Settling velocity (cm s-1) 

S.D. 2.02 1.46 1.57 1.92 1.42 2.31 3.21 
 n 150 150 150 150 150 63 813 

a. Biomarine: Vs = -0.090x2 + 1.542x + 3.023 where x = pellet diameter (mm) and Vs = settling 
velocity (cm s-1); R2 = 0.82 

b. Co-Europa: Vs = -0.092x2 + 2.166x + 2.210; R2 = 0.88 
 
The detailed data for different pellet types are useful for modelling detailed 
scenarios at different stages of the growing cycle. In addition, these data will be 
useful for modelling sites containing new species such as halibut and haddock. 
The settling rates are also linked to pellet shape which tends to vary between 
manufacturers. 
 

 
Figure 18. Feed settling data for diets of cod (Co-Europa, Bio-Marine), haddock (EWOS), halibut 
(Euro spec.) and a partial soya substitute cod diet. Salmon diets are shown for comparison from 
Cromey et al., (2002). 
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In summary, when modelling a particular scenario such as the impact around the 
time of a monitoring survey, the setting velocity for the feed in use should be 
used. If information is not known on the pellet type being used or modelling of a 
general situation is being undertaken, an average value with standard deviation 
should be used. 
 

2.4.4 Faecal output rates 
For both species, faecal output rate was highest in the three hour period following 
feeding (Figure 19). For cod, faecal output was up to 3 times higher in the first 3 
hours than in the subsequent 3 hour period. For haddock however, there was 
less of a difference between 3 hourly periods suggesting a less variable gut 
evacuation rate than cod. Cod faecal evacuation rates did not follow a defined 
pattern after the first 6 hours whereas haddock faecal output decreased over 
time. As feed input was slightly different for each experimental tank, faecal output 
rates were also calculated in terms of percentage of food consumed (Figure 20). 
Similar trends were observed, with haddock faecal output rates decreasing over 
the 24 hour periods. 
 
Pooling the three 24 hour periods and all three experimental tanks for each 
species, mean faecal output rates for cod and haddock were 8.5 % (s.d. = 4.3) 
and 9.2 % (s.d. = 7.0) of dry feed input per day respectively. This information was 
used in the modelling. 
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Figure 19. Mean and standard deviation of faecal output rates (mg dry wt faeces hr-1) for cod and 
haddock measured in three different experimental tanks for each species. Fish were fed at 24 and 
48 hours after faeces collection had been undertaken for that sampling time. Cod experiments – 
two tanks of 54 fish and one of 55 fish, haddock experiments three tanks of 60 fish. 
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Figure 20. Mean and standard deviation of faecal output rates (as % of feed consumed hr-1) for 
cod and haddock measured in three different experimental tanks for each species. This rate 
calculation accounts for the slightly different feed input in each tank. Cod experiments – two tanks 
of 54 fish and one of 55 fish, haddock experiments three tanks of 60 fish. 

 
The faecal output rates provide vital information for modelling and allow a diurnal 
pattern of defecation for cod and haddock to be used if desired. This is 
particularly useful where short term validation studies such as sediment trap 
studies are being modelled. The three hours following feeding result in the 
highest faecal output rates for both species but there are discernible differences 
between the species. Cod have a more variable faecal output rate compared to 
haddock. For modelling of benthic impact, a 24 hour averaged rate is the most 
useful at 8.5 and 9.2 % of dry feed consumed per day for cod and haddock 
respectively. These averaged rates are similar, despite the differences in the 
three hourly periods found between the two species. Regulatory modelling of 
salmonid farms with DEPOMOD uses digestibility and water content of 85 % and 
9 % respectively, resulting in a faecal output rate of 13.7 % of feed consumed per 
day. Thus, the assumed salmon faecal output rate is 1.6 times higher than the 
rates measured for cod and haddock in this study. 
 

2.5 Detailed description of scientific/technical achievements – modelling 

2.5.1 Validation of benthic response model 
The DEPOMOD benthic response model defines a relationship between flux and 
ITI and was validated for salmon fish farms. The model has an Envelope of 
Acceptable Precision, the width of which decreases with increasing impact as 
natural variability decreases and model performance increases. In the original 
data set shown in Figure 21, 88 % of stations fell within the EAP. The benthic 
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response curve shown allows prediction of how ITI will change with predicted 
flux. 
 
Using CODMOD at the Vidlin site, model predictions of flux were obtained for 
each station and with observed ITI, plotted in Figure 21. Transect stations and 
reference stations for all three scenarios are shown. 
 
The model predicted impact at the stations for the 2004 and 2005 scenarios 
adequately (Table 17), but the model underperformed for the 2006 scenario. In 
summary, 60 % of stations were predicted satisfactorily, excluding the reference 
stations as these are not stringent tests of the model. 
 
The model under-predicted impact at sampling stations for the 2006 survey, 
particularly on the southern transect where S25 and S50 were observed to be 
highly and moderately impacted respectively. These stations are identified as the 
points below the EAP at 1 g m-2 yr-1. Later in this section, sensitivity of the model 
performance is tested with particular reference to this transect, considering the 
resuspension model, cage rotation and hydrographic data. 
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Figure 21. DEPOMOD benthic response curve showing the transect stations and reference 
stations for Vidlin cod farm predicted using CODMOD. Where the stations fall within the Envelope 
of Acceptable Precision (EAP), the model has predicted benthic response adequately. Circles 
give an example of excess variability between 0.1 m2 grab duplicates. 
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Table 17. Predicted and observed ITI for the modelling scenarios (with resuspension model 
switched on). Sampling station locations are shown in Figures 8 and 9. If an observation falls in 
the Envelope of Acceptable Precision (EAP), then the model has predicted the situation at the 
station adequately. Duplicate 0.1 m2 data for observed ITI are shown for 2005 and 2006. 

Scenario Station N0 N25 N50 S25 S50 C1 C2 

 Distance from 
cages 

0 m 25 m 50 m 25 m 50 m  >500 m > 500 m 

May 2004 Predicted flux 
(g m-2 yr-1) 

2 0 0 0 0 0 0 

 Predicted ITI 58 ± 12 59 ± 18 59 ± 18 59 ± 12 59 ± 18 59 ± 18 59 ± 18 

 Observed ITI 52 64 58 65 68 78 62 

 In EAP (Y/N)? Y Y Y Y Y (Y) Y 

August 
2005 

Predicted flux 
(g m-2 yr-1) 

1873 11 0 41 1 0 0 

 Predicted ITI 8 ± 5 52 ± 13 59 ± 18 42 ± 11 59 ± 12 59 ± 18 59 ± 18 

 Observed ITI 34, 52 41, 40 34, 44 35, 51 61, 53 59, 54 48, 43 

 In EAP (Y/N)? N, N Y, Y N, Y Y, Y Y, Y Y, Y Y, Y 

July 2006 Predicted flux 
(g m-2 yr-1) 

2826 29 0 236 6 0 0 

 Predicted ITI 5 ± 4 45 ± 11 59 ± 18 28 ± 7 56 ± 14 59 ± 18 59 ± 18 

 Observed ITI 1, 3 4, 3 55, 25 0, 0 16, 12 58, 53 41, 34 

 In EAP (Y/N)? Y, Y N, N Y, N N, N N, N Y, Y Y, N 

         

 15 out of 25 observations (60 %) in EAP (excluding reference stations) 

 

2.5.2 Sensitivity analysis – the complex problem of hydrographic data and 
cage rotation 

Sensitivity of model predictions to the resuspension model, length of current 
speed record, and cage movements required evaluation. When modelling a site 
for regulatory purposes, a 15 day current meter record representative of 1 spring-
neap cycle is typically used. Cromey & Black (2005) measured current speeds in 
a Scottish sea loch over 206 days and determined large differences between 15 
day periods. For example, the mean near-bed current speed for the least 
dispersive 15 period in Table 18 is 2.0 cm s-1, and this is nearly 5 times lower 
than the most dispersive period. More importantly, the period of data used in 
regulation of the site is very different to the 206 day average. 
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Table 18. Differences in summary statistics of hydrographic data measured at a macro–tidal 
Scottish fish farm (not Vidlin). The most and least dispersive 15 day periods were selected from 
the 206 day record. The consent record was used in regulatory procedures for the site and was 
from a different period (table reproduced from Cromey & Black, 2005). 

Speed (cm s-1) Portion of data 
set 

Meter 
location 

Mean Max. Residual 

Residual 
Direction 

(ºT) 

Length 
(d) 

Whole Surface 10.6 48.8 3.2 219 206 
 Near bed 5.9 47.0 0.6 207  

Most dispersive Surface 14.8 48.8 5.4 223 15 
 Near bed 9.6 47.0 1.0 241  

Least dispersive Surface 6.4 19.6 1.8 209 15 
 Near bed 2.0 7.1 0.1 74  

Consent record Surface 2.7 21.8 1.7 72 15 
 Near bed 3.8 16.7 0.6 279  

 
Cage rotation and empty cages within the leased area are common during 
normal operation of a farm and it is difficult for modelling to take this into account 
in a detailed way. This is particularly important where benthic sampling transects 
are located near empty cages or areas of cage rotation. To overcome this, the 
model is run either assuming all cages are equally stocked, or by approximating 
biomass distribution between cages using available husbandry information. 
 
In the case of Vidlin, the southern transect for stations S25 and S50 for July 2006 
is impacted and the model predicts much less impact than is observed (Table 
17). In terms of the biological community and amount of organic matter present in 
the surficial sediments, S25 was highly enriched in 2006, while S50 was 
moderately enriched. 
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Figure 22. Predicted flux of waste faecal and feed material (g m-2 yr-1) from Vidlin cod farm for the 
three survey dates 2004 to 2006. A modified scenario is shown for July 2006, using simplified 
faecal settling data. 

 
During the 2005 survey, an additional cage was noted at the southern end of the 
group (Figure 8), indicating this area is subject to cage rotation. This scenario 
was tested in the model. Hydrographic data used in the model were measured in 
November 2001 during a period where mean and maximum wind speeds were 17 
and 32 knots respectively, which is not especially windy for this area. Stations 
S25 and S50 are inshore of the cage group position and at the opposite end of 
the cage group from where the current measurements were taken. Cage 
shadowing is likely, causing a reduction in current speed. Sensitivity of the model 
predictions to reduced current was therefore tested. 
 
The resuspension model caused some resuspension events at the site as near 
bed current speeds exceeded 9.5 cm s-1, resulting in 54 % of the total released 
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mass being exported from the immediate area around the farm. The 
resuspension model was switched off to test sensitivity. Reducing current also 
effectively reduced the number of resuspension events so that the total exported 
was less than 5 %. 
 
Objective – to test the sensitivity of benthic impact predictions to resuspension 
model predictions, cage rotation at the southern end of the group and reduced 
current; particular attention was paid to the southern transect stations S25 and 
S50. 
 
Control scenario – this is the scenario using measured current and available 
information on cage layouts. 
 
Summary of tests: 
 

1. Resuspension model OFF using measured current 
2. Resuspension model ON. Current speed was reduced at all depths by 

scaling down 25 % to simulate the effect of cage shadowing of the inshore 
southern transect and a more quiescent period than that measured in 
November 2001 

3. Resuspension model ON. Using measured current, a cage was placed at 
the southern end of the cage group and a cage emptied in the middle of 
the group to simulate the effect of cage rotation; by placing the cage over 
the southern transect the benthic impact associated with sampling over 
previously farmed areas could be predicted 

4. Resuspension model ON. Both reduced current and additional cages in a 
combination of tests 2 and 3 

 
To undertake a rigorous test, the July 2006 scenario only was used as this was 
where the observed impact was the highest and the model performance was the 
lowest, as seen by the number of data falling outside the EAP (Table 17). In 
addition, reference stations were excluded as these are well outside the 
Allowable Zone of Effect and so are not a stringent test of the model. 
 
The results of this sensitivity test and model performance are shown by the 
regression plots in Figure 24 and a contour plot showing the additional cages and 
deposition footprint is given in Figure 22 for test 4. 
 
Where cage rotation effects were modelled (test 3) as well as reduced current 
(test 4), R2 values for predicted and observed ITI improved from 0.46 to 
approximately 0.8. This was primarily a result of increased model performance at 
the south transect. Switching resuspension off or reducing current, degraded 
model performance. 
 
In conclusion, this sensitivity analysis demonstrates the importance of cage 
rotation and representative hydrographic data in both modelling and locating 
sampling stations transects. 
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Figure 23. Predicted flux of waste faecal and feed material (g m-2 yr-1) from Vidlin cod farm for a 
sensitivity test. Predicted footprints of impact changed significantly when cages were rotated and 
current reduced in the area of the inshore southern transect. 
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Figure 24. Sensitivity analysis of model performance. When cages were added to the end of the 
group to simulate cage rotation and current reduced, model performance improved. 
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2.6 Conclusions 
Surveys of the sea bed surrounding the cod farm in Vidlin Voe, Shetland, 
including physico-chemical and biological sampling, were performed in 2005 and 
2006. These surveys indicated that over a cod growing cycle up to maximum 
consented biomass, there was organic enrichment of the near-field, which was 
increasing since a previous survey by Williamson in 2004. This enrichment is not 
excessive in terms of the biomass of cod present, and is comparable to Scottish 
salmon culture sites in terms of organic carbon, redox and biological community. 
 
Modelling the deposition of solids from the Vidlin cod farm to the seabed was 
completed, with acceptable precision along the northern transect for 2006 and all 
transects for 2004/5. Modelled output did differ significantly from observed effects 
along the southern transect in 2006; it is postulated that cage rotation, husbandry 
factors and some cage shadowing from currents in this area affected model 
performance. The hydrographic data utilised in this report were not obtained by 
the authors; it would have been preferable from a modelling perspective to have 
performed a separate hydrographic survey with this aspect in mind. Also from a 
modelling view point, providing CODMOD uses the appropriate model input data 
specific to cod (e.g. settling rates, faecal outputs, etc), no special considerations 
for modelling of the species is necessary. 
 
The findings of this project indicate the difficulty in making generalisations with 
experimental data such as settling rates and faecal output rates due to variability 
between experiments. In addition, experiments with large cod are problematic 
due to tank effects. Averaged data were used in the majority of modelling 
scenarios, simplifying model data input so that these can easily be adopted in 
regulatory style modelling. 
 
Given this experimental variability and natural variability observed in benthic 
faunal data, assessment of the environmental impact of a site from a survey and 
modelling viewpoint is helped by good practice. Accurately positioned and 
repeatable sampling transects as well as information such as cage layouts and 
feed input data are vital for site assessment. 
 
In conclusion, this research on faecal output rates, food and faecal settling, 
environmental impact surveys and modelling have all contributed to quantitative 
assessment of the impacts of cod farming. These measures are being directly 
utilised in carrying capacity studies in the EU Framework 6 Project ECASA, which 
has adopted Vidlin as one of its 16 European field sites. Additionally, the feed 
and faeces information obtained for haddock will be useful in the event of future 
commercial cultivation of this species. 
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Annex 1 
 
Loss on Ignition calculation (taken from Loh, 2005): 
 
“Rp index was introduced by Kristensen (1990) to characterize the composition of 
various biogenic organic materials at different decomposition stages. It is defined 
as, Rp = PII

(PI+PII)  where PI is the weight loss in the temperature range 0 °C and 
250 °C and PII is the weight loss in the temperature range 250 °C and 500 °C.  
 
Calculations of percentage organic matter and Rp values are as follows: 
 
Let Ws = original weight of sediment sample (approximately 0.5 g) 
 
W0 = weight of crucible and sediment before combustion  
W250= weight of crucible and sediment alter combustion at 250 °C  
W500= weight of crucible and sediment after combustion at 500 °C  
PI = weight loss in temperature range 0 °C and 250 °C = WO - W250
PII = weight loss in temperature range 250 °C and 500 °C = W250 - W500
 
and, Rp= PII

(PI+PII)  
 
% labile OM =  PI

Ws  x 100% 
 
% refractory OM =  PII

Ws  x 100% 
 
% total OM = W0-W500

Ws  X 100% 
 
or, % total OM = % labile OM + % refractory OM”. 
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Hydrographic data for Vidlin  
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Figure 25. Historical time series of current speed measured at Vidlin at three different depths.
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Figure 26. Historical time series of current direction measured at Vidlin at three different depths. 
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Figure 27. Historical scatter plot of current measured at Vidlin.
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Figure 28. Historical vector plot of current and wind measured at Vidlin. Wind vector is 100 
times smaller than actual. 
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