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PREFACE 
This thesis is prepared in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy at the Department of Marine Technology, under the Faculty of 
Engineering at the Norwegian University of Science and Technology (NTNU). My 
supervisors have been Professor Ingrid Bouwer Utne and Professor Stein Haugen at the 
Department of Marine Technology. 
 
The PhD work was mainly funded by the Research Council of Norway through SFI 
Exposed, project no. 237790/O30. The data collection and writing of one article was 
funded by the Norwegian Seafood Fund, project no. 900835. 
 
The thesis consists of two parts. The first part provides a synthesis of the objectives, 
background material, relevant literature, and contributions of the PhD project. The 
second part is a collection of five research articles which describe the research studies 
and main results obtained.
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SUMMARY 
Norway is the largest producer and exporter of farmed Atlantic salmon and rainbow trout 
worldwide. The national ripple effects of the fishing industry are significant. New 
concepts are being developed and tested for fish farming in exposed locations offshore, 
but still the dominant fish farm technology remains floating net cages in coastal areas. 
Hence, Norwegian fish farming faces sustainability and reputational challenges due to 
farmed salmon escape and salmon lice. Fish farm operations are characterised by five 
risk dimensions: risk to material assets, personnel, fish welfare and health, environment, 
and food safety. 

The main objective of this PhD project is to develop knowledge and methods for 
improved management of safety in exposed sea-based fish farming. Fish escape has been 
used as the study case. The following summarises the contributions: 

• A new categorisation system for fish escape event data has been developed. The 
registered fish escape events are reanalysed and re-categorised into i) hazardous 
event, ii) direct causes, iii) underlying factors, and iv) coupling factors. Four 
main groups of hazardous events are established: Fish escape due to 1) a 
submerged net, 2) holes in the net, 3) loss of fish, 4) and structural damage 
without damage to the net. The fish escape data is reanalysed using the new 
categorisation system according to the consequence of the event (size of escape). 
The most frequent hazardous event is "holes in the net," which are most often 
caused by net chafing by equipment/structures or operational failures. Fish 
escape scenarios are drawn based on the reanalysis of the Fdir database, with the 
hazardous event as the top event, direct causes at the second level, and 
contributing causes at the third. Coupling factors are illustrated as the fourth 
level of the scenarios. By including all events, the most frequent hazards and 
causes are captured regardless of consequence. 

• The term "human error" is explored and specified in the context of recent fish 
escape accidents experienced by informants participating in an interview study. 
Nine organisational and human factors which influence fish escape accidents are 
identified. The operations associated with increased risk for fish escape are i) 
net and sinker tube/weight system handling, ii) delousing operations, and iii) 
vessel-assisted operations. These operations are also associated with elevated 
occupational risk levels. The findings document a need for increased attention 
to organisational safety indicators in fish farm operations.  

• There is currently no systematic evaluation of operational safety in terms of 
organisational conditions in the fish farming industry. The OSC method, 
originally developed for assessment of operational safety levels in the oil and 
gas industry, has been adapted and evaluated for use in the aquaculture industry. 
The seven organisational factors from the original OSC are relevant also for fish 
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farm operations: work practice, competence, procedures and documentation, 
communication, workload and physical environment, management, and change 
management. 

• The aquaculture industry must comply with regulatory requirements for risk 
assessments of fish escape, technical condition of fish farms, vessel design and 
operation, environmental risk, occupational risk, fish welfare and health, and 
food safety. The current practices differ significantly from the recommended 
risk assessment procedure on several points. To close the gaps, a new approach 
which satisfies the requirements is suggested. Risk assessments should be based 
on the operations carried out at the fish farm. This will provide an overview of 
the hazards associated with the work tasks and factors influencing the risk levels. 
The fish farming companies are recommended to develop risk assessment 
templates for their yearly updates to be adapted to each vessel or fish farm and 
to ensure involvement of their workers. 

• Safety indicators may be useful for monitoring performance related to 
organisational, operational, and technical safety at the fish farm over time, 
support decision-making, and detect the need for risk-reducing measures during 
operations. A six-step method for identification of operational safety indicators 
is developed and tested. Through application on fish escape event data, forty 
safety indicators of acceptable quality are identified. 

In conclusion, the thesis provides recommendations for practical safety management 
procedures and approaches which the aquaculture industry may implement in their daily 
operations and training of new personnel. The results include novel knowledge about the 
factors and conditions that influence the risk of fish escape during fish farm operations. 
The fish escape scenarios may be used to improve the reporting system and accident 
investigations. A holistic understanding of the framework conditions of the fish farms as 
a workplace and a production site is needed to develop management systems which 
efficiently capture and manage safety hazards. 

 

  



vii 
 

LIST OF PUBLICATIONS 

ARTICLES IN PHD THESIS (PART II) 
 

1. Journal article: 

Yang, X., Holmen, I. M., & Utne, I. B. (Under review). Fish escape data and scenario 
analysis of Norwegian sea-cage salmon and trout aquaculture. 

2. Journal article: 

Thorvaldsen, T., Holmen, I. M., & Moe, H. K. (2015). The escape of fish from 
Norwegian fish farms: Causes, risks and the influence of organisational aspects. Marine 
Policy, 55, 33-38. doi:http://dx.doi.org/10.1016/j.marpol.2015.01.008 

3. Conference article: 

Holmen, I. M., Utne, I. B., & Haugen, S. (2017). Organisational safety indicators in 
aquaculture – a preliminary study. In Risk, Reliability and Safety: Innovating Theory and 
Practice: Proceedings of ESREL 2016 (Glasgow, Scotland, 25-29 September 2016) (pp. 
1809-1816): CRC Press. 

4. Journal article: 

Holmen, I. M., Utne, I. B., & Haugen, S. (2018). Risk assessments in the Norwegian 
aquaculture industry: Status and improved practice. Aquacultural Engineering, 83, 65-
75. doi:https://doi.org/10.1016/j.aquaeng.2018.09.002 

5. Journal article: 

Holmen, I. M., Utne, I. B., & Haugen, S. (2021). Identification of safety indicators in 
aquaculture operations based on fish escape report data. Aquaculture, 544, 737143. 
doi:https://doi.org/10.1016/j.aquaculture.2021.737143 

  



viii 
 

DECLARATION OF AUTHORSHIP 
 

The contributions of the candidate and co-authors are presented according to the criteria: 

1. Research concept and plan 
2. Data collection 
3. Data analysis 
4. Manuscript drafting 
5. Manuscript critical review 

 

Author Article 1 Article 2 Article 3 Article 4 Article 5 
I.M. Holmen 1-5 1, 2, 3, 5 1-5 1-5 1-5 
I.B. Utne 5  1, 5 1, 5 1, 5 
S. Haugen   5 1, 5 1, 5 
X. Yang 1-5     
T. Thorvaldsen  1-5    
H.K. Moe  1, 2, 3, 5    

 

  



ix 
 

OTHER SCIENTIFIC CONTRIBUTIONS TO SAFETY RESEARCH IN FISH FARMING 
 

This section presents publications that are not included in the PhD thesis but which 
contribute significantly to the knowledge foundation regarding safety in Norwegian fish 
farming operations. These are co-authored journal papers and scientific reports related 
to contract research projects and associated research activities which I have participated 
in before and during the PhD project period. The list is organised as follows: title of 
project, information on funding source, years of duration, list of publications.  

 
Human factors and escape of farmed fish 

Research project funded by the Norwegian Seafood Fund (2012-2014), project no. 
900835. 

This project was the main basis for article 2 (Thorvaldsen et al., 2015). 

Scientific reports: 

Thorvaldsen, T., Holmen, I. M., & Moe, H. K. (2013). Human factors and escape from 
sea-based salmon farms. (In Norwegian). SINTEF report series, A2408. 

Holmen, I. M., & Thorvaldsen, T. (2015). Good safety work - examples from several 
industries. (In Norwegian). SINTEF report series, A26675. 

 
Sustainfarmex – towards sustainable fish farming at exposed marine sites 

Sustainfarmex laid the scientific foundation for SFI Exposed. This was a knowledge-
building project with industry participants supported by the Research Council of 
Norway (2012-2015). Professor Ingrid B Utne and I were responsible for the safety work 
package. PhD Siri M Holen was employed as a PhD candidate in this project, and she 
defended her thesis in 2019 (Holen, 2019), supervised by professor Utne.  

Scientific report: 

Holmen, I. M., Salomonsen, C., Thorvaldsen, T., & Holen, S. M. (2018). 
Recommendations for safe workplaces in fish farming (In Norwegian). SINTEF report 
series, 2018:00096. 

Articles: 

Holen, S. M., Utne, I. B., & Holmen, I. M. (2014). A preliminary accident investigation 
on a Norwegian fish farm applying two different accident models. Paper presented at the 
Probabilistic Safety Assessment and Management PSAM. Honolulu, Hawaii. 



x 
 

Holen, S. M., Utne, I. B., Holmen, I. M., & Aasjord, H. (2018). Occupational safety in 
aquaculture – Part 1: Injuries in Norway. Marine Policy, 96, 184-192. 

Holen, S. M., Utne, I. B., Holmen, I. M., & Aasjord, H. (2018). Occupational safety in 
aquaculture – Part 2: Fatalities in Norway 1982–2015. Marine Policy, 96, 193-199. 

 
MarinSim – development of a training simulator for fish farm operations 

Innovation project for the industry supported by the Research Council of Norway (2013-
2018) (grant no. 226561). The project was owned by the Maritime Safety Training 
Centre in Rørvik, and I was the project manager for the R&D activities. 

Article: 

Holmen, I. M., Thorvaldsen, T., & Aarsæther, K. G. (2017). Development of a simulator 
training platform for fish farm operations. Paper presented at the ASME 2017 36th 
International Conference on Ocean, Offshore and Arctic Engineering. 

 
SFI Exposed - exposed aquaculture operations 

Centre for research-based innovation supported by the Research Council of Norway 
(2015-2023) (grant no. 237790) and hosted by SINTEF Ocean. This PhD project is a 
part of the research area safety and risk management in SFI Exposed. I was the research 
manager for this research area from 2015-2019. In addition to this thesis, the following 
scientific publications are a result of the research within this centre: 

Articles: 

Bjelland, H. V., Føre, M., Lader, P., Kristiansen, D., Holmen, I. M., Fredheim, A., . . . 
Schjølberg, I. (2015). Exposed aquaculture in Norway: Technologies for robust 
operations in rough conditions. In OCEANS'15 MTS/IEEE Washington, Washington 
DC, 19-22 October, 2015 (pp. 10): IEEE conference proceedings. 

Utne, I. B., Schjølberg, I., & Holmen, I. M. (2015). Reducing risk in aquaculture by 
implementing autonomous systems and integrated operations. In E. Zio, L. Podofillini, 
W. Kroger, B. Sudret, & B. Stojadinovic (Eds.), Safety and Reliability of Complex 
Engineered Systems. (25th European Safety and Reliability Conference, ESREL 2015 
ed., pp. 3661-3669). London: Taylor & Francis Group. 

Holmen, I. M., Utne, I. B., Haugen, S., & Ratvik, I. (2017). The status of risk assessments 
in Norwegian fish farming. In Safety & Reliability, Theory and Applications (pp. 1457-
1465): CRC Press. 

 

 



xi 
 

Safer operations and workplaces in fish farming  

Researcher project granted by the Research Council of Norway (2016-2019) (grant no. 
254899). This project focused on the health, safety, and work environment for fish farm 
operators, safety management, and design of safe workplaces. I was responsible for the 
application and have participated in the project as a researcher. 

Scientific reports:  

Thorvaldsen, T., Holmen, I. M., & Kongsvik, T. (2017). Self-reported status of health, 
safety and work environment in Norwegian fish farming – a survey in year 2016. (In 
Norwegian). SINTEF report series, OC2017 A-113.  

Kongsvik, T., Holmen, I. M., Rasmussen, M., Størkersen, K. V., & Thorvaldsen, T. 
(2018). Safety management in fish farming. A survey among management and staff (In 
Norwegian). NTNU Social Research report. 

Salomonsen, C., Thorvaldsen, T., Bjelland, H. V., & Holmen, I. M. (2019). Safe design 
in aquaculture - Design strategies, status and recommendations for product design that 
safeguards employees' health and safety. SINTEF report series, 2019:00574 A. 

Articles: 

Kongsvik, T., Thorvaldsen, T., Holmen, I. M., & Størkersen, K. V. (2018). Safety 
climate and compliance in the Norwegian aquaculture industry – employees' perceptions 
at different company levels. In S. Haugen, A. Barros, C. van Gulijk, T. Kongsvik, & J. 
E. Vinnem (Eds.), Safety and Reliability–Safe Societies in a Changing World (pp. 157-
164): CRC Press. 

Kongsvik, T., Thorvaldsen, T., & Holmen, I. M. (2019). Reporting of Hazardous Events 
in Aquaculture Operations – The Significance of Safety Climate. Journal of 
Agromedicine, 1-10. doi:https://doi.org/10.1080/1059924X.2019.1640818 

Kongsvik, T., Dahl, Ø., Holmen, I. M., & Thorvaldsen, T. (2019). Safety climate and 
health complaints in the Norwegian aquaculture industry.  
International Journal of Industrial Ergonomics, 74, 102874.           
doi:https://doi.org/10.1016/j.ergon.2019.102874 

Thorvaldsen, T., Kongsvik, T., Holmen, I. M., Størkersen, K., Salomonsen, C., 
Sandsund, M., & Bjelland, H. V. (2020). Occupational health, safety and work 
environments in Norwegian fish farming - employee perspective. Aquaculture, 524, 
735238. doi:https://doi.org/10.1016/j.aquaculture.2020.735238 

Thorvaldsen, T., Størkersen, K., Kongsvik, T., & Holmen, I. M. (2021). Safety 
management in Norwegian fish farming: Current status, challenges, and further 
improvements. Safety and Health at Work, 12(1), 28-34. 
doi:https://doi.org/10.1016/j.shaw.2020.08.004 



xii 
 

Sandsund, M., Wiggen, Ø., Holmen, I. M., & Thorvaldsen, T. (2022). Work strain and 
thermophysiological responses in Norwegian fish farming — a field study. Industrial 
Health, advpub. doi:10.2486/indhealth.2020-0259. 

 
Reducing risk in aquaculture – improving operational efficiency, safety, and 
sustainability 

Researcher project granted by the Research Council of Norway (2016-2019) (grant no. 
254913). Project managed by Prof. Ingrid B. Utne, NTNU IMT. 

Articles: 

Utne, I. B., Schjølberg, I., Holmen, I. M., & Bar, E. M. S. (2017). Risk management in 
aquaculture: Integrating sustainability perspectives. Paper presented at the ASME 2017 
36th International Conference on Ocean, Offshore and Arctic Engineering, Trondheim.  

Yang, X., Utne, I. B., & Holmen, I. M. (2020). Methodology for hazard identification in 
aquaculture operations (MHIAO). Safety Science, 121, 430-450. 
doi:https://doi.org/10.1016/j.ssci.2019.09.021. 

 
Guest editor for the special issue "Safety at Sea," Journal of Safety Science: 

Bye, R. J., Holmen, I. M., & Størkersen, K. V. (2021). Safety in marine and maritime 
operations: Uniting systems and practice. Safety Science, 139, 105249. 
doi:https://doi.org/10.1016/j.ssci.2021.105249. 

 
Professional journals, feature articles, and conference presentations: 

Dissemination of research results and new knowledge has been important in all research 
activities to reach the target group of employees in the industry. During the years of my 
PhD work, I have contributed to several newspaper articles on the topic of occupational 
accidents and preventive actions in the fishing and fish farming industries, giving 
interviews, and provided updated analyses of occupational injuries and fatalities. I have 
also attended several seminars and conferences where I have presented research on 
different safety topics in fish farming. 

 

 

 

  



xiii 
 

TABLE OF CONTENTS 
Preface ............................................................................................................................. i 

Acknowledgements ....................................................................................................... iii 

Summary..........................................................................................................................v 

List of Publications ....................................................................................................... vii 

Articles in PhD thesis (Part II) ................................................................................. vii 

Declaration of authorship ........................................................................................ viii 

Other scientific contributions to safety research in fish farming ............................... ix 

List of Tables and Figures ........................................................................................... xvi 

 Introduction .............................................................................................................1 

1.1 Key figures of Norwegian aquaculture ............................................................1 

1.2 Fish farm technology and operation ................................................................2 

1.3 Sustainability challenges .................................................................................3 

1.4 What is exposed aquaculture? .........................................................................4 

1.5 Future offshore aquaculture .............................................................................6 

1.6 Risks in fish farming .......................................................................................7 

1.7 Objectives ......................................................................................................10 

1.8 Scope and limitations.....................................................................................11 

1.9 Structure of the thesis ....................................................................................12 

1.10 List of abbreviations ......................................................................................13 

 Theoretical background .........................................................................................15 

2.1 Terminology and concepts.............................................................................15 

2.2 Authorities and statutory regulations .............................................................17 

2.3 Voluntary certifications .................................................................................20 

2.4 Safety management in Norwegian fish farming ............................................20 

2.4.1 Accident investigations ..........................................................................22 

2.4.2 Analysis of events reported to the regulatory authority .........................23 

2.4.3 Inspections according to regulatory requirements .................................24 

2.4.4 Reporting of nonconformities (company internal) ................................24 

2.4.5 Risk assessments....................................................................................25 



xiv 
 

2.4.6 Safety indicators ....................................................................................25 

2.4.7 Safety performance audits .....................................................................27 

2.4.8 Current safety management performance ..............................................30 

2.5 Safety management of future exposed aquaculture .......................................33 

 Research methodology ..........................................................................................35 

3.1 Methodology ..................................................................................................35 

3.1.1 Research definition and classification ...................................................35 

3.1.2 Research designs....................................................................................36 

3.1.3 Safety research progress and challenges ................................................37 

3.2 Research approach in PhD project .................................................................38 

3.2.1 Research project plan .............................................................................38 

3.2.2 Research methods applied .....................................................................39 

3.3 Quality assurance ...........................................................................................40 

3.4 Ethical issues .................................................................................................40 

 Main results and discussion ...................................................................................43 

4.1 Objective 1: Identification of hazards and fish escape scenarios ..................44 

4.1.1 O1: Data material and analyses .............................................................44 

4.1.2 O1: Results ............................................................................................45 

4.2 Objective 2: Organisational and human factors .............................................50 

4.2.1 O2: Data material and analyses .............................................................51 

4.2.2 O2: Results ............................................................................................52 

4.3 Objective 3: Evaluation of OSC method in aquaculture ...............................53 

4.3.1 O3: Data material and analyses .............................................................53 

4.3.2 O3: Results ............................................................................................54 

4.4 Objective 4: Status and requirements for risk assessments ...........................55 

4.4.1 O4: Data material and analyses .............................................................55 

4.4.2 O4: Results ............................................................................................56 

4.5 Objective 5: Risk-influencing factors and safety indicators ..........................57 

4.5.1 O5: Data material and analyses .............................................................58 

4.5.2 O5: Results ............................................................................................60 

4.6 Discussion and evaluation of contributions ...................................................63 



xv 
 

4.6.1 Theoretical contributions .......................................................................66 

4.6.2 How can the fish farming industry benefit from this research? Practical 
applications ............................................................................................................68 

4.6.3 Governance of the Norwegian aquaculture industry .............................71 

 Conclusion and further work .................................................................................73 

5.1 Concluding statements ...................................................................................73 

5.2 Further work ..................................................................................................74 

References .....................................................................................................................77 

 

  



xvi 
 

LIST OF TABLES AND FIGURES 
Table 1 Wave and current classes for classification of fish farming sites from the 
informative Annex A in NS 9415:2009 (Standard Norway, 2009). ................................5 
Table 2 Tools and methods for safety management at the different organisational levels 
in the fish farming industry. ..........................................................................................22 
Table 3 The four main types of hazardous events and subgroups resulting from the 
reanalysis of the Fdir database presented in Yang et al. (Under review). .....................46 
Table 4 Direct causes, underlying and coupling factors, and operation ongoing (if any) 
identified from the original Fdir database. The causes and factors are sorted according 
to the four main hazardous events and may hence be repeated. ....................................48 
Table 5 The influence of organisational factors in critical fish farm operations. The table 
is based on a figure in Holmen et al. (2017a) (article 3). ..............................................54 
Table 6 A summary of risk-influencing factors (RIF: causes, underlying factors, 
coupling factors, conditions, aspects etc.) derived from analyses of fish escape events in 
articles 2, 3, and 5. .........................................................................................................61 
Table 7 A summary of the PhD project. ........................................................................63 
 
Figure 1 A conventional Norwegian salmon farm (Photo by SINTEF Ocean and 
Maritime Robotics, Sensodrone project). ........................................................................3 
Figure 2 A fish crowding and sorting operation. (Picture reproduced with permission 
from Rostein AS.) ............................................................................................................8 
Figure 3 Risk management according to ISO 31000 (ISO, 2018c). ..............................17 
Figure 4 The regulatory framework for safety and risk management in fish farming 
(grow-out phase). Illustration of the five Norwegian authorities with jurisdiction within 
seven regulatory areas. ..................................................................................................18 
Figure 5 Internal control loop, according to the regulations for internal control (see text).
 .......................................................................................................................................19 
Figure 6 The accident model by Kjellén and Albrechtsen (2017). ................................23 
Figure 7 Main steps of the risk assessment process according to NS 5814 (Standard 
Norway, 2021b). ............................................................................................................26 
Figure 8 The PhD project in the context of systematic research efforts to increase 
knowledge about operational safety conditions and develop measures for reducing risk 
and accident prevention in the fish farming industry. ...................................................39 
Figure 9 Overview of the objectives of the PhD project, and the scientific articles which 
target one or several of the objectives. ..........................................................................43 
Figure 10 Articles 1 and 5 contribute to objective 1. ....................................................44 
Figure 11 The four main fish escape hazardous events after reanalysis of the Fdir 
database. The fish escape consequence categories (large, medium, small, very small, no 
escape) are presented as a percentage of the total number of events of each type. The 
figure is reproduced from Yang et al. (Under review). .................................................47 



xvii 
 

Figure 12 Fish escape scenario 2ai: Wear and tear from structures causes holes. 
Reproduced from article 1, Yang et al. (Under review). ...............................................50 
Figure 13 Article 2 is the main contribution to objective 2, and articles 1 and 5 illustrate 
the importance of these factors in the chain of events. ..................................................51 
Figure 14 Article 2 and 3 address objective 3. ..............................................................53 
Figure 15 Article 4 addresses objective 4. .....................................................................55 
Figure 16 Workshop layout for true operator involvement in risk assessments, according 
to Holmen et al. (2017b). ...............................................................................................57 
Figure 17 Article 5 is the main contribution to objective 5. Articles 2 and 4 give input to 
O5 on regulatory requirements and human and organisational factors. ........................58 
Figure 18 Chain of events for the operation fish crowding and the hazardous event "hole 
in net". The network is based on confirmed fish escape events in the Fdir database years 
2010–2016 (reproduced from Holmen et al. (2021)). ....................................................59 
Figure 19 The safety indicators from the case study in article 5 (Holmen et al., 2021).
 .......................................................................................................................................62 
 
 

 

  



xviii 
 

 

 



xix 
 

 
 
 
 

Part I Main report 
 

 

  



xx 
 

 



1 
 

 INTRODUCTION 
 

1.1 KEY FIGURES OF NORWEGIAN AQUACULTURE 
Norway is the largest producer and exporter of farmed Atlantic salmon and rainbow trout 
worldwide (FAO, 2020). The total biomass of farmed seafood was 1.5 mill tons in 2020, 
consisting of 99.6% salmon and trout (Directorate of Fisheries, 2020). Salmon farming 
alone amounted to 93% of seafood production. A comparison between the five largest 
salmon farming countries (Canada, Chile, Faroe Islands, Norway, and the UK) shows 
that the Faroe Islands has the lowest production costs, feed conversion ratio (kg feed/kg 
harvested salmon), and production losses and the highest smolt yield (amount of 
harvested salmon/number of smolts released) during the last decade (Iversen et al., 
2020). Norway is number two during most of the years included in the analyses, 
demonstrating that the industry has profitable conditions in Norway. 

Norway has a successful tradition of exploiting the nature-given resources for harvesting 
and farming seafood and is the world’s second largest exporter of fish after China (FAO, 
2020). Seafood, in particular farmed fish, is the second largest contributor to the export 
value of goods from Norway after oil and gas. In 2020, Norway exported seafood worth 
105.7 billion NOK, and 70% of the export value was farmed fish. The foreign trade of 
farmed fish alone equals a share of 10% of Norway's total export of goods (778 billion 
NOK) (Norwegian Seafood Council, 2021; Statistics Norway, 2021). The petroleum 
industry holds currently 42% of the export value but will eventually decrease. The 
government consequently appointed the oceans as the main contributor to the nation's 
future prosperity (Ministry of Trade and Fisheries, 2017a).  

The ripple effects of fish farming are significant in a national context. The aquaculture 
value chain consists of breeding, hatcheries, grow-out production of fish and other 
aquaculture species (molluscs and algae), processing of seafood, and export activities. 
The entire value chain employs approximately 12,200 person-years. The ripple effect is 
calculated to be between 24,000–29,000 person-years, i.e., each person-year in the 
aquaculture value chain is the basis for 2.4 person-years in other sectors. The 
contribution to GNP, ripple effects added, was 69 billion NOK in 2019 (Johansen et al., 
2020). 

Aquaculture production is a significant provider of employment in coastal areas, with 
close to 10,000 employees, thus surpassing the number of full-time fishers (9,504 in 
2020). Fish farming employs approximately 7,100 persons, equivalent to 5,670 person-
years. There are 162 fish farming companies in Norway with grow-out production at 986 
sites (Directorate of Fisheries, 2020).  
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1.2 FISH FARM TECHNOLOGY AND OPERATION 
The dominant fish farm technology is floating net pens, mainly situated in coastal areas. 
The farm location and design, structures and components, available equipment, and work 
vessels, combined with environmental exposure, constitute the physical constraints of 
the marine operations at the fish farm.  Figure 1 shows a salmon-producing fish farm. 
The typical salmon farm consists of a feed barge (upper right corner) and ten to twelve 
net cages containing a maximum of 200,000 salmon in each as regulated by the 
aquaculture production regulation (Ministry of Trade and Fisheries, 2018b). The number 
of cages is decided by the total amount of fish allowed according to site quality and the 
production licence, measured in terms of maximum total biomass allowed (MTB) 
(Hersoug, 2021). Figure 1 has captioned half of the net cages at a particular fish farm 
outside the coast of Trøndelag, Norway. Modern feed barges are the central operations 
of the fish farm and have feed silos, stores for equipment, a workshop for repairs, offices 
and accommodation for workers, and important functions regarding emergency 
preparedness (Misund et al., 2020). Each fish farm has a staff of three to six workers and 
an operations manager responsible for both production and personnel safety. One 
generation of fish is normally grown in the sea-based net pens for eighteen months before 
harvesting. 

Flexible net cages, as seen in the fish farm in Figure 1, are the most common type used 
in Norwegian fish farming. There are also other flexible net designs, shaped like cones 
or rectangles. The net cages are kept floating by a double collar of polyethylene tubes. 
The net cages are kept submerged by a bottom weight system, which may consist of a 
circular sinker tube and a weight attached to the bottom of the net. The bottom weight is 
integrated with the stretching system to keep the volume cylindrical. The floater, with 
its attached handrail and gangway, also supports the circular opening of the net cage. 
These parts are interconnected with one another with vertical ropes used to lift the 
bottom weight system during fish crowding. The net cages may be up to one hundred 
metres across the circular opening and thirty-five metres deep. Each net cage is attached 
inside a grid of mooring ropes, which is anchored to the sea-bottom or to a nearby rock 
if available. This flexible system is highly resistant to the constant exposure from 
hydrodynamic forces, but, due to biofouling, wear and tear, and possible chafing due to 
environmental forces, regular maintenance is recommended to keep the net barrier and 
stretching system in good condition. 

The fish are fed through feeding tubes, which can be seen in Figure 1 as white lines. 
Feeding is operated either from the control room at the barge or remotely from shore. 
Fish feeds are transported to the fish farms by feed vessels. In earlier times, the feed was 
delivered in huge sacks of 500 kg each. At present, the feed vessels typically deliver feed 
without involving the personnel at the fish farm and use DP systems to come alongside 
the barge and transfer the feed through tubes directly into the feed silos. 
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Figure 1 A conventional Norwegian salmon farm (Photo by SINTEF Ocean and Maritime 
Robotics, Sensodrone project). 

An aquaculture service vessel can be seen in the upper-middle part of the picture (Figure 
1). These designated work vessels, which are eight to fifteen metres in length overall 
(l.o.a.), are used for daily operations and maintenance at the fish farm according to 
regulations. They typically have capstans, a winch, and/or a crane on board to assist with 
heavy lifting. The workers at the fish farm are responsible for daily feeding and 
monitoring the welfare of the fish, removal of mort and visual checks of the condition 
of the fish farm, and weekly lice counting. These are core tasks to ensure healthy and 
thriving fish. During the last ten years, the fish farming industry has moved towards an 
outsourcing of the complex marine operations, involving high-energy interaction with 
components below the surface, to external service companies. These companies offer 
specialised, larger service vessels of twenty-four-metre length or more, equipped for 
heavy operations and with marine crews experienced with these operations. These 
vessels are chartered for maintenance of moorings, net replacements, and performing or 
assisting delousing operations, which are associated with increased accident risks (Holen 
et al., 2018b; Føre and Thorvaldsen, 2021). Wellboats are also frequently used for 
delousing, in addition to their core functions for fish sorting, transfer, and transport (see 
Figure 2).  

1.3 SUSTAINABILITY CHALLENGES 
The Norwegian fish farming industry faces major sustainability challenges. The industry 
is claimed to be a threat to the environment and in particular to wild salmon due to fish 
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escape (Grefsrud et al., 2019) and parasites or "salmon lice" (Misund, 2019). Moreover, 
lice counts are now an indicator for the government's regulation of growth in the fish 
industry, the so-called "traffic light system" (Kristoffersen et al., 2018). Today's 
aquaculture farms already operate at the safety limit of available technology and 
personnel. The occupational accident rate in Norwegian aquaculture is the second 
highest after the fishing industry (Holmen and Thorvaldsen, 2018). This has resulted in 
a reputation problem for the industry (Olsen and Osmundsen, 2017), which stands in 
striking contrast to the significant contribution to its national value creation.  

Coastal fish farming experience conflicting interests with the protection of wild salmon, 
the tourist industry, fisheries, other sea-related trades, as well as the public use of the 
coastline for leisure activities. Due to these conflicts, and since communities have not 
gained the benefits they expected from the industry, the local authorities are becoming 
more restrictive in allowing the establishment of new fish farms, with the consequence 
being a lack of good production sites near-shore (Hersoug, 2021). Furthermore, the 
increase in production licences for farmed fish have stagnated due to environmental 
constraints—in particular the lice combat (Ministry of Trade and Fisheries, 2015a).  

The government has recently launched an aquaculture strategy which addresses these 
challenges and aims to lay the groundwork for sustainable growth in aquaculture 
production (Ministry of Trade and Fisheries, 2021a) in accordance with the UN's 
sustainable development goals (United Nations, 2016). To enable growth, the 
environmental impact must be reduced, and more space is therefore sought in more 
exposed coastal and ocean areas. Conventional fish farm technology is, however, not 
dimensioned for the tough environmental conditions in areas with little or no shelter. 
Moving fish farming to exposed areas subsequently requires considerable research 
efforts and industrial investments to develop new technology concepts (Bjelland et al., 
2015). These include novel farm designs and structures matching the increased sea loads, 
autonomous technology for remote operation and monitoring, and novel vessel designs 
to ensure sea-keeping abilities and service regularity in shorter operating windows. More 
importantly, fish welfare must be secured, as well as the safety of fish, workers, and 
assets.  

1.4 WHAT IS EXPOSED AQUACULTURE? 
Exposed aquaculture has yet no specific definition. The informative Annex A in the 
technical standard NS 9415:2009 gives criteria for classification of fish farming sites in 
terms of wave and current classes (Standard Norway, 2009) (see Table 1). However, 
these are not connected to established operational limits and are currently only used for 
classification during site surveys. The wave and current classes are not included in the 
recent update of the standard (Standard Norway, 2021a). 
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Table 1 Wave and current classes for classification of fish farming sites from the informative 
Annex A in NS 9415:2009 (Standard Norway, 2009).1 

Designation Wave 
classes 

Significant 
wave height 

Hs (m) 

Wave period 
Tp (s) 

Current 
classes 

Midcurrent 
Vc (m/s) 

Little exposure A 0.0–0.5 0.0–2.0 a 0.0–0.3 
Moderate exposure B 0.5–1.0 1.6–3.2 b 0.3–0.5 
Substantial exposure C 1.0–2.0 2.5–5.1 c 0.5–1.0 
High exposure D 2.0–3.0 4.0–6.7 d 1.0–1.5 
Extreme exposure E >3.0 5.3–18.0 e >1.5 

 

The potential for sustainable offshore aquaculture is being explored worldwide (FAO, 
2020). As for exposed aquaculture, no established definition exists. A common 
definition of offshore fish farming would establish a comparable framework for R&D 
between countries and also support regulatory processes globally (Froehlich et al., 2017). 
Holmer (2010) presented definitions of coastal, off-coast, and offshore farming based on 
distance from shore and water depth; exposure in terms of waves, winds, and currents; 
and legal definitions (within coastal baseline, national or international waters). Chu et 
al. (2020) reviewed Holmer's definition and other suggestions from the research 
community and found an agreement on a set of parameters associated with offshore fish 
farming. Accordingly, the authors suggested the following definition: i) unsheltered 
sites, at least three kilometres from shore but within an exclusive economic zone (EEZ), 
ii) water depth >50 m or more than three times the cage height, at least fifteen metres 
between cage bottom and seabed, iii) water current speed 0.1–1 m/s, and iv) and wave 
height above three metres. This falls within the wave class E (extreme exposure) in Table 
1. 

The Norwegian ambition of multiplying aquaculture production has initiated efforts to 
explore the possibilities of offshore fish farming. The government addresses regulatory 
issues associated with moving aquaculture production farther from shore in the report 
"Offshore Aquaculture" (Ministry of Trade and Fisheries, 2018a). The sea areas within 
Norwegian EEZs are classified into inshore waters, open waters, and outer waters, and 
the latter two apply for "offshore aquaculture." Only inshore waters are covered by 
today's regulations for aquaculture area permits. In addition, issues regarding 
aquaculture activity in international waters are discussed. Mobile farms may move 
between the different areas, and hence another regulatory challenge is raised.  

 
1 Table 1 - Wave and current classes for classification of fish firming sites from NS 9415:2009 is 
reproduced by I.M. Holmen in the doctoral thesis "Safety in Exposed Aquaculture Operations" 
under licence from Standard Online AS November 2021 (c). All rights are reserved. Standard 
Online makes no guarantees or warranties as to the correctness of the reproduction. In any case 
of dispute, the Norwegian original shall be taken as authoritative. See www.standard.no. 
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Exposed aquaculture, however, cannot be solely categorised by physical parameters, 
distance from shore, or dimensioning of structures according to sea loads. Farming of 
fish involves living animals, and humans are needed for taking care of the fish. A decade 
ago, there were particularly rough conditions during the winter of 2011–2012. An 
interview study was conducted to collect the fish farmers' experiences. The study 
concluded that, during periods of reduced availability of the fish farms, the monitoring 
of fish welfare and the fish farm technical state could not be conducted in accordance 
with the regulatory requirements (Thorvaldsen et al., 2013). Fish feed deliveries and 
wellboat operations were postponed, as well as maintenance of components and 
structures. The fish mortality rate increased, as well as the risk of fish escape. 
Furthermore, the workers' occupational safety was sacrificed in attempts to do the 
mandatory daily checks (Holen et al., 2013). Aquaculture production in exposed areas 
may result in more frequent periods of reduced availability for regular maintenance and 
vessel operations at the fish farm, general harsher working environments, and increased 
threats to fish welfare. The emerging risks associated with fish farming under these 
conditions need to be systematically assessed and managed. 

1.5 FUTURE OFFSHORE AQUACULTURE 
A wide range of fish farm concepts have been developed globally. There are open, semi-
closed, and closed fish net cage and tank designs (Chu et al., 2020). One of the greatest 
challenges with today's dominating design in Norwegian water, open floating and 
flexible cages, is that strong currents deform the shape of the net cage. Furthermore, 
moorings and stretching system components may chafe the net and cause holes. 
Manufacturers have improved this design for more exposed sea conditions. However, 
these fish farms need to be anchored with lines three to five times the water depth and 
are therefore not suitable for increased water depths offshore. 

The so-called development licences are a time-limited scheme launched by the 
Norwegian authorities in 2015 to encourage innovation of novel sea-based fish farm 
production concepts requiring significant investments (Directorate of Fisheries, 2018b). 
The aim of the scheme is to solve one or more of the environmental and area challenges 
experienced by the fish farming industry and is an innovation driver for exposed 
aquaculture. No payment is requested, and the companies may apply for the development 
licences to be converted into ordinary fish farming licences after some production time 
if a set of criteria approved for each project is fulfilled (Hersoug et al., 2021). The design 
shall be documented to support reduced environmental impact of fish farming and must 
be dimensioned according to the conditions of the future location. 

104 applications were received within the deadline in November 2017. As of September 
2021, twenty-three development licence projects have been granted (a few are already 
set into production), seventy-eight declined, and three are still pending (Directorate of 
Fisheries, 2021a). The development licences scheme will result in a variety of new fish 
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farm concepts (Directorate of Fisheries, 2021c). The operations, as we know them in 
conventional fish farming, need to be adapted to new components, equipment, and 
workplace arrangements. Introducing new technology concepts may introduce new types 
of risk for failures and harm to workers and fish (Swuste et al., 2020). Furthermore, 
several of the new constructions are considerably bigger than the conventional fish 
cages. Hazardous events may subsequently result in major accidents in terms of large-
scale fish escapes, injuries/fatalities, or considerable material damage (Holen et al., 
2019). 

1.6 RISKS IN FISH FARMING 
Yang et al. (2020) defined five dimensions of risks for the operation of Norwegian fish 
farms: risk to material assets, personnel, fish welfare and health, environment, and food 
safety. These dimensions are further described in this section. 

Food safety is protected by strict regulations for control of the residues in the fish meat 
due to any treatment agent applied to the fish for bacteria or parasites. Although still 
used, the use of anti-lice agents has decreased in Norway; studies show, however, 
compliance well within the with maximum residue limits set by the EU (Hannisdal et 
al., 2020). Due to a low level of bacterial infections in Norwegian farmed fish, antibiotics 
are used in very small amounts over several years and hence not regarded as a risk to 
food safety (Grefsrud et al., 2018). 

The ongoing battle against sea lice increases the production cost as well as fish mortality 
(Iversen et al., 2017; Iversen et al., 2020). New ways of parasite treatment have been 
developed which also introduce new hazards to the fish welfare and health due to a tough 
treatment of either chemicals, warm water, or mechanical "brushing" (Grefsrud et al., 
2018; Overton et al., 2018). The sea lice treatments are directly related to Atlantic salmon 
mortality (Oliveira et al., 2021). In 2018, the overall mortality of farmed Atlantic salmon 
in Norway was 15.8%, which is the consequence of welfare hazards due to stress, 
disease, injuries, or parasites (Bang Jensen et al., 2020). Moving fish farming to offshore 
locations may reduce the problems due to parasite risk and coastal area conflicts, but the 
exposed living conditions may be too tough for the farmed salmon to thrive and hence 
be a risk to fish welfare (Hvas et al., 2021). Cleaner fish used for biological delousing 
endure less exposure than the salmon, and a study has shown losses of the cleaner fish 
ballan wrasse up to 58% after four months in fish cages (Geitung et al., 2020). Hence, 
fish welfare is challenged both for farmed salmon and cleaner fish. 

Fish escape is associated with fish welfare and environmental risk. Fish escape is also a 
risk in terms of economic loss. Given a net profit of twelve NOK per kg of salmon 
(Directorate of Fisheries, 2020), an escape of 100,000 salmon ready for slaughter 
(approximately five kg/each) would equal an economic loss of 6 million NOK. During 
the last decade, the industry has accomplished a great reduction in the number of fish 
escape incidents caused by technical failures in constructions and equipment (Føre and 
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Thorvaldsen, 2021). The overall aim of the industry, however, is zero escapes, and thus 
authorities continue their regulatory focus on prevention of fish escapes (Ministry of 
Trade and Fisheries, 2017b).  

Fish farming involves the risk of damage to material assets. Production of seafood at sea 
is heavily dependent on the use of vessels for different purposes: boats for transport of 
workers, work vessels, service vessels, wellboats, and feed vessels. Manoeuvring inside 
the mooring grid and between fish cages introduces hazards to the structures and 
components of the fish farm. Mooring lines may break due to forces from the vessels 
and cause breakdowns of the net cages, vessels may collide with the net cages and cause 
escapes due to submergence of the floaters, and the wellboat thrusters or vessel 
propellers may cause damage to the net (Yang et al., 2020). Environmental forces may 
also be a hazard to fish farms. In February 2021, a fish farm in Northern Norway was hit 
by an avalanche (Nygård and Njåstad, 2021). Gales and high waves may cause serious 
deformation of fish farms, as happened at the Faroe Islands in 2017 (Berthelsen, 2017). 

 

 
Figure 2 A fish crowding and sorting operation. (Picture reproduced with permission from 
Rostein AS.) 

Seafood production in open waters introduces risk to the environment. As mentioned 
previously, the spread of lice and diseases and mixing of genes from escaped salmon 
threaten wild salmon stocks. The use of chemical treatments may release agents into the 
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sea which are toxic for wild marine species (Grefsrud et al., 2019). There is also a risk 
for environmental impacts in a longer term, e.g., organic waste emissions and negative 
effects of sediments on benthic biodiversity (Holmer, 2010). Although not a direct risk 
to fish farmers and farmed fish, these risks should be included in a holistic safety 
management perspective. 

Nature has also the potential to "strike back" and be a risk to the fish. Harmful algae 
blooms may be a threat to the farmed fish and other seafoods harvested (Karlson et al., 
2021). Increased sea temperatures may also kill fish in net cages due to a decrease in 
oxygen levels inside the cages caused by an unfavourable combination of conditions, 
such as shallow net pens, high density of fish, and inadequate waterflow through the net 
pens (Calado et al., 2021). When this happens, it is urgent to move the fish from the 
affected areas and to remove already dead fish to prevent breakdown of the fish cages 
and escape of the still-living fish. These operations require resources which might not 
be readily available at the fish farms. Experience from the harmful algae bloom in 
Northern Norway in 2019 showed that operations go around the clock and extra crews 
are needed. Extra resources are also needed, e.g., wellboats, pumps, assisting vessels to 
transport fish, and vessels to tow net cages to clean fjords (Karlsen et al., 2019). These 
massive mortality events may not be possible to mitigate, hence efforts are initiated to 
develop monitoring systems which give the fish farmers a warning of toxic algae blooms 
or sea water temperatures increasing above normal levels.  

Salmon lice levels, by decree, must be monitored closely (Ministry of Trade and 
Fisheries, 2016b). The results are public and are updated online on a weekly basis 
(BarentsWatch, 2021). The national requirement instructs that delousing shall be 
initiated if there is more than 0.5 louse per fish on average in a fish farm. Some 
companies have stricter internal rules and may delouse single cages at the 0.1 level. 
There is a strong incentive for this, as fish farms which document under 0.1 mature 
female lice per fish may apply for an increased MTB, and this can be granted 
independently of the colour of the traffic light system in the home region of the fish farm 
(Thorvaldsen et al., 2019).  

The aquaculture regulation requires regular monitoring of parameters related to the 
health and welfare of the fish. These are water quality, oxygen levels, density of fish, 
and general wellbeing (Ministry of Trade and Fisheries, 2018b). The health risk is 
highest during the treatment, transfer, and transport of fish. Any event compromising the 
health of the fish shall be reported to the Food Safety Authority. The fish farms have 
cameras immersed in the fish cages for monitoring fish behaviour and feeding, and 
experienced operators assess the fish daily by visual observations. Daily removal of mort 
is mandatory, and the amount is recorded because it is an indicator for overall fish 
welfare. These risks to fish welfare and health need to be included in risk assessments, 
and emergency preparedness has to be dimensioned to mitigate hazardous events. 
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The rate of occupational injuries has decreased in terms of the number of registered 
injuries related to the number of person-years employed (Holen et al., 2018a). Undesired 
events and fatal accidents, however, still happen at an unacceptable level (Holen et al., 
2018b; SINTEF Ocean, 2020). Previous research studies conclude that potentials exist 
for improving occupational safety both in Nordic fish farming (Holen, 2019; Kaustell et 
al., 2019) and the aquaculture industry globally (Moreau and Neis, 2009; Myers and 
Durborow, 2012; Mitchell and Lystad, 2019; Ngajilo and Jeebhay, 2019; Watterson et 
al., 2019; Ochs et al., 2021).  

Furthermore, environmental forces may negatively influence the performance of 
operations. Fish farms are located at sea and are exposed to all kinds of weather, such as 
exposure to wind, waves, and currents. Figure 2 shows a delousing operation. It involves 
one workboat and two service vessels assisting in the crowding of fish, which are 
pumped into the wellboat tank for treatment. On this day, the weather was nice and the 
sea calm. However, a deterioration of weather conditions would worsen the operating 
conditions dramatically. The experience of the fish farmers reflects that bad weather and 
darkness increase the risk for accidents (Holen et al., 2013). During interviews, the fish 
farmers have been asked, "What is bad weather?" The answer to this is never 
straightforward. The answers are usually a combination of wind direction and speed, 
wave heights, and tidal currents (Thorvaldsen et al., 2015). Other factors might be 
precipitation in combination with low temperatures and unfavourable wind directions 
that cause icing (Yang et al., 2020). In the future, more remote and exposed locations 
could exacerbate the risk picture due to the stronger impact of environmental factors. 

Considering the risk dimensions and the seriousness of the potential consequences of 
accidents, the following question was raised: How well does the aquaculture industry 
manage existing and new hazards to prevent hazardous events and mitigate accidents? 
There seemed to be a need for a review of the fish farming industry's safety management 
practices according to the current regulatory requirements and for a systematic analysis 
of factors and conditions influencing operational risk levels in fish farming. 
Furthermore, the range of potential risks implicates a need for holistic risk assessments 
which capture new hazards emerging from implementation of new fish farm concepts 
and technologies and seafood production at more exposed locations. 

1.7 OBJECTIVES 
The main objective of this PhD project is to develop knowledge and methods for 
improved safety management in exposed sea-based fish farming. 

The project activities have been designed according to five research objectives: 

1. Analyse fish escape event data and identify hazards and fish escape scenarios which 
may develop into hazardous events. 

2. Analyse the influence of organisational and human factors in fish escape accidents. 



11 
 

3. Evaluate whether the Operational Safety Condition (OSC) method from the oil and 
gas industry is applicable to fish farm operations.  

4. Explore the status for risk assessment practices in the Norwegian fish farming 
industry in relation to regulatory requirements. 

5. Identify human, organisational, and technical risk-influencing factors and develop 
safety indicators for reducing risk for fish escape during fish farm operations. 
 

The PhD project has been funded by the Centre for Researched-Based Innovation in 
exposed aquaculture operations, SFI Exposed, as a part of the safety and risk 
management research area.2 SFI Exposed (2015-2023) is based upon a close 
collaboration between researchers, fish farming companies, service providers to the 
aquaculture industry, and other industry participants. The overall aim of SFI Exposed is 
to develop concepts for safe fish farming at exposed production sites. The hypothesis for 
the safety research in SFI Exposed is that more suitable methods and strategies for risk 
reduction in aquaculture operations can be developed based on knowledge about the 
special characteristics of the workplaces and the organisation of safety in this industry.  

1.8 SCOPE AND LIMITATIONS 
The scope of the PhD project has been the operational, grow-out phase of sea-based fish 
farming in Norway. Transport of fish by wellboats or processing of fish in plants onshore 
have thus not been included. The results are expected to contribute to improved safety 
management in the fish farming industry, but specific safety management systems as 
such are not addressed as a separate topic in the research. The targeted audience is fish 
farmers; safety representatives; health, safety, and environment (HSE) coordinators; 
production and company managers; regulatory authorities; and the growing global 
scientific community concerned with safety in aquaculture. 

The PhD research has been conducted using fish escape events as the case study. As 
previously described, aquaculture operations introduce hazards for personnel and 
increase the risk of material damage and fish escape. Occupational safety may be 
challenged because workers try to avoid fish escape at the expense of their own safety 
due to looming reputational risk. Preventing fish escape may hence reduce the overall 
risk level at the fish farm by maintaining fish welfare, worker's safety, structural 
integrity, and the possible negative impact on the environment. The developed methods 
are generic and should be relevant for all risk dimensions associated with aquaculture 
operations, i.e., for reducing occupational risk, uncontrolled spreading of parasites 
("salmon lice"), risk for damages to material assets, and environmental or reputational 
risk.  

 
2 Homepage: www.exposedaquaculture.no 
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Since many of today's fish farms are regarded as exposed in terms of high environmental 
loads and reduced availability due to harsh weather and challenging sea conditions, most 
of the work is based on state-of-the-art technology of floating net cage fish farming. The 
methodological approach for improving operational safety is independent of 
technological solutions and hence applicable to the novel fish farm concepts which 
eventually are being set into operation. The results thus provide a basic understanding 
of the multiple hazards and risk-influencing factors relevant for exposed aquaculture 
operations. 

1.9 STRUCTURE OF THE THESIS 
The thesis consists of two main parts. Part I, the main report, presents the background 
for the research, methodology, and a synthesis of the contributions from the research 
published in articles. The scientific articles are included in Part II. 

Part I contains the following chapters. Chapter 1 is an introduction to the Norwegian 
aquaculture industry and the topic of the thesis and presents the objectives, scope, and 
limitations of the PhD project. Chapter 2 covers the theoretical background for the 
research. It starts with an overview of the safety regulations and practices in the 
Norwegian fish farm industry. The second part of the chapter summarises safety and risk 
management methods relevant in the context of the aquaculture industry and the PhD 
project. Chapter 3 places the PhD research in a broader context and discusses the 
methodology and chosen research design. Chapter 4 presents the main results and how 
they contribute to the research front, as well as their potential to help improve operational 
safety in fish farming. Chapter 5 concludes the thesis and recommends future research 
beyond the present PhD work. References are included in the last section of Part I. 
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1.10 LIST OF ABBREVIATIONS 
 

BN Bayesian Network 

DP Dynamic Positioning 

EEZ Exclusive Economic Zone 

FAO Food and Agriculture Organization of the United Nations 

Fdir Norwegian Directorate of Fisheries (Fiskeridirektoratet) 

GNP Gross National Product 

HSE Health, Safety, and Environment 

IMT Department of Marine Technology 

MTB  Maximum total biomass allowed 

NMA Norwegian Maritime Authority (Sjøfartsdirektoratet) 

NAV Norwegian Labour and Welfare Administration 
(Arbeids- og velferdsetaten) 

NLIA Norwegian Labour Inspection Authority (Arbeidstilsynet) 

NOK Norwegian Kroner (Currency) 

NSD Norwegian Centre for Research Data, Data Protection Services 

NSIA Norwegian Safety Investigation Authority  
(Statens havarikommisjon) 

NTNU Norwegian University of Science and Technology 
(Norges teknisk-naturvitenskapelige universitet) 

OECD Organization for Economic Cooperation and Development 

OED Oxford English Dictionary 

OHS Occupational Health and Safety 

OSC Operational Safety Condition 

PhD Philosophiae Doctor 

R&D Research and Development 

RIF Risk-Influencing Factor 

SJA Safe Job Analysis 
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 THEORETICAL BACKGROUND 
 

This chapter provides the theoretical background for the thesis. The first section defines 
important terms and concepts in safety. Section two gives an overview of the regulatory 
framework for safe operations and current practices in safety management in the fish 
farming industry. The remaining parts of the chapter present a theoretical background of 
methods for assessing safety performance. The emphasis is placed on identification and 
monitoring of risk-influencing factors (RIFs) in terms of safety indicators and safety 
performance audits. The knowledge needs for enabling safe offshore aquaculture 
production concludes the chapter. 

2.1 TERMINOLOGY AND CONCEPTS 
In the safety research literature, the same terms may be used with slightly different 
meanings. In this report, event is the generic term for all accidents and incidents 
regardless of consequence and for events that may occur. The following terms are 
defined according to Rausand and Haugen (2020):  

Accident is a sudden, unwanted, and unplanned event or event sequence that has led to 
harm to people, the environment, or other tangible assets.  

Incident is a sudden, unwanted, and unplanned event or event sequence that could 
reasonably have been expected to result in harm to one or more assets but did not.  

Incident is also named near-miss in the report. Some professionals within the industry 
may call this an "undesired event." This is unfortunately inconsistent in the articles, as 
incident has been used instead of event. 

Hazard is a source or condition that alone or in combination with other factors can cause 
harm. 

Hazardous event is an event that has the potential to cause harm. 

An accident scenario is defined as a potential sequence of events from an initiating event 
to an undesired end state that will harm one or more assets. 

There are several definitions of risk in the literature. The international standard on risk 
management defines risk as "the effect of uncertainty on objectives" (ISO, 2018c). The 
International Risk Governance Council (IRCG) adopted the risk definition "an uncertain 
(generally adverse) consequence of an event or an activity with regard to something that 
humans value" (Graham et al., 2010) based on the original definition by Kates et al. 
(1985). In this thesis, the definition by Kaplan and Garrick (1981) is used. They defined 
risk as the combined answer to three questions: 1) What can go wrong? 2) What is the 
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likelihood of that happening? 3) What are the consequences? This understanding of risk 
reflects the phases of risk assessment and is therefore a practical definition to 
communicate to the sharp-end workers in the fish farming industry.  

A risk-influencing factor (RIF) may be explained as any condition influencing risk. In 
the thesis, the general definition by Rausand and Haugen (2020) is adopted: "Risk 
influencing factors are background factors that influence the causes and/or the 
development of an accident." The RIFs should ideally cover all aspects of risk influence 
during an operation, including those that are environmental, organisational, operational, 
human, and technical (Yang et al., 2017). Human factors refer to environmental, 
organisational and job factors, and human and individual characteristics which influence 
behaviour at work in a way which can affect safety levels. Organisational factors are 
related to management, competence, workloads, compliance with procedures, and more. 

Safety is expressed as a function of risk (Rausand and Haugen, 2020): "A state where the 
risk has been reduced to a level that is as low as reasonably practicable (ALARP) and 
where the remaining risk is generally accepted."  

ISO 45001 defines a management system as a set of interrelated or interacting elements 
of an organisation that establish objectives and policies and processes to achieve those 
objectives (ISO, 2018b). Risk management is defined as coordinated activities to direct 
and control an organisation with regard to risk (ISO, 2018c). The definition by ISO is 
generic and may be used for several risk dimensions, e.g., financial, environmental, 
reputational, occupational. Risk management is a set of control tasks of identified 
hazards and is based on a closed loop feedback, as illustrated in Figure 3. 

Safety management concerns the systematic activities that prevent accidents and injuries 
and manage safety hazards in an organisation. Tools for safety management may be risk 
assessments, accident investigations, nonconformity reporting, safety indicators, safety 
audits, and inspections and analyses of accidents and hazardous events (Kjellén and 
Albrechtsen, 2017). The same tools are used in risk management, which may be regarded 
as a part of safety management for the risks concerning safety of the production activities 
in an industry (Li and Guldenmund, 2018). The responsibilities of defined safety 
functions at workplaces, goals for the safety performance, description of activities, 
procedures, nonconformity registrations, audits, internal investigations, risk 
assessments, measures, and more are documented in a safety management system 
(Kongsvik et al., 2018a).  
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Figure 3 Risk management according to ISO 31000 (ISO, 2018c).3 

2.2 AUTHORITIES AND STATUTORY REGULATIONS 
The primary function of safety management is decision support for applying relevant 
measures to manage identified risks. Safety management in organisations is directed by 
framework conditions both within and outside the company (Kjellén and Albrechtsen, 
2017). Important internal conditions are the size of the company, organisational 
structure, safety policies and compliance with regulations, board room and management 
attention to safety, technology levels, characteristics of the production, geographical 
span, resources in terms of human competence, and economic capital.  

Externally, procedures and requirements applicable for fish farm operations are 
developed by regulatory authorities, industry standards, and federations, with input from 
a tripartite cooperation involving industry representatives, worker associations, and 
regulators (Holmen and Thorvaldsen, 2018). 

Figure 4 shows the regulatory framework applicable for fish farm production and 
operations in Norway. The Norwegian aquaculture production must comply with 
requirements from seven legislative areas, which are supervised by the following five 
regulatory authorities: the Directorate of Fisheries (Fdir), the Norwegian Maritime 

 
3 Figure 3 - Risk management according to ISO 31000 is reproduced by I.M. Holmen in the 
doctoral thesis "Safety in Exposed Aquaculture Operations" under licence from Standard Online 
AS November 2021 (c). All rights are reserved. Standard Online makes no guarantees or 
warranties as to the correctness of the reproduction. In any case of dispute, the Norwegian original 
shall be taken as authoritative. See www.standard.no. 
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Authority, the Food Safety Authority, the Labour and Inspection Agency (NLIA), and 
the County Administration/Governor. Several public bodies are involved before the fish 
farm receives its production licence due to coastal area management regulations 
(Robertsen et al., 2016). This part of the governance is outside the scope of the thesis 
and hence not further described.  

A summary of the regulatory framework for safety and risk management in Norwegian 
fish farming is presented in the following. Safety management systems are governed by 
the Working Environment Act (Ministry of Labour and Social Affairs, 2005), the 
Aquaculture Act (Ministry of Trade and Fisheries, 2005), the Food Safety Act (Ministry 
of Health and Care Services, 2003), and the Animal Welfare Act (Ministry of Agriculture 
and Food, 2009).  

 

 

Figure 4 The regulatory framework for safety and risk management in fish farming (grow-out 
phase). Illustration of the five Norwegian authorities with jurisdiction within seven regulatory 
areas. 
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Internal control is mandated by the internal control regulation for HSE (Ministry of 
Labour and Social Affairs, 1996), which was last updated in 2017. Internal control 
compliance within aquaculture legislation (Ministry of Trade and Fisheries, 2004) 
targets the aquaculture production specifically, but the structure is equal to the HSE 
internal control. Internal control is about systematic actions to ensure that the company's 
operations are planned, organised, executed, safeguarded, and kept in accordance with 
the regulatory requirements. The internal control loop is illustrated in Figure 5. The 
internal control system requires thorough documentation of internal procedures, risk 
assessments, treatment of nonconformities, internal audits, action plans for preventive 
work and improvement activities, plans for training of personnel, and involvement of 
personnel in these activities. It is therefore a basis for safety management in a company. 

 

Figure 5 Internal control loop, according to the regulations for internal control (see text). 

 

The "Regulation on the operation of aquaculture production sites" (Ministry of Trade 
and Fisheries, 2018b) outlines the obligations of fish farmers to prevent escape and 
report fish escape events and is founded on the Food Act and the Animal Welfare Act,  
which regulate the welfare and ethics of the farmed fish. The allowed salmon lice levels 
and requirements for counting, delousing, and regional cooperation are guided by the 
regulation on salmon lice control in aquaculture facilities (Ministry of Trade and 
Fisheries, 2016b). 

The technical standard NS 9415 (Standard Norway, 2009) is upheld by the "NYTEK 
regulation" to ensure the minimum technical quality and dimensions of aquaculture 
installations (Ministry of Trade and Fisheries, 2011). An updated version of NS 9415 
was published in August, 2021, and a revised regulation named NYTEK22 is to be 
implemented January 1st, 2022 (Ministry of Trade and Fisheries, 2021b).   
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The aquaculture work and service vessels under fifteen metres are required to comply 
with the regulation on construction and inspection of small cargo ships (Ministry of 
Trade and Fisheries, 2015b). These vessels were previously not inspected by the 
Norwegian Maritime Authority. The implementation of the regulation in 2015 changed 
this, and, in 2017, these vessels were decreed to implement safety management systems 
on board (Ministry of Trade and Fisheries, 2016a). 

In addition to regulations, the government establishes policies and strategies to direct the 
regulatory authorities' priorities. The government's strategy to prevent fish escape has 
five priority areas (Ministry of Trade and Fisheries, 2017b): 1) knowledge (including 
learning from analyses of fish escape events), 2) experience sharing and dialogue (both 
between authority-industry and between companies), 3) strong safety culture (audits of 
management systems supporting this will be prioritised), 4) effective regulations 
(introduce requirements for barrier management and standardisation), and 5) 
professional emergency preparedness. The Fdir follows up this strategy and has recently 
initiated a project to develop a guide for holistic risk management systems in the 
aquaculture industry (Directorate of Fisheries, 2021d). The aim is to establish best 
practices for risk management in the industry, which actively are used to prevent hazards 
and undesired events. The risk management system shall be improved continuously. The 
guide will build upon NS5814 and ISO 31000 and is assumed to cover the requirements 
of the regulation for internal control in aquaculture, IK-Akvakultur (Ministry of Trade 
and Fisheries, 2004). 

2.3 VOLUNTARY CERTIFICATIONS 
The industry has established a practice of being accredited according to a number of 
international standards—e.g., ISO 9001 (ISO, 2015) and ISO 45001 (ISO, 2018b)—and 
standards for sustainable aquaculture production—Aquaculture Stewardship Council 
(ASC), GLOBAL G.A.P. (Good Agricultural Practices), assessed by a third party  
(Amundsen and Osmundsen, 2020). The certifications work as a means to manage risks 
but also improve public image as a response to market demands for sustainability (Olsen 
et al., 2021).  

Certification schemes as such are not explored within the scope of the thesis, although 
the social pillar of sustainability includes requirements for human safety and sound 
workplaces. However, the Norwegian regulatory approach to maintain safe and healthy 
work environments is regarded as the best standard globally (Watterson et al., 2019). 

2.4 SAFETY MANAGEMENT IN NORWEGIAN FISH FARMING 
Implementation and maintenance of a safety management system is mandatory for fish 
farm companies and aquaculture vessels. Safety performance can be evaluated through 
measurement of safety barrier quality, safety evaluation programs, or in terms of losses 
(Øien et al., 2011b). In general, tools for safety management are (Kongsvik et al., 2018a): 
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• Accident investigations 
• Analysis of events reported to the regulatory authority (database of aggregated 

accidents and incidents) 
• Inspections according to regulatory requirements 
• Reporting of nonconformities (company internal) 
• Risk assessments 
• Safety indicators 
• Safety performance audits (by authority or third party, or internal control audits) 

All these methods have in common that they provide knowledge about the safety 
performance of the organisation, which is used to implement the necessary measures for 
hazard control. Investigations of accidents, analyses of accident registrations, and 
reporting of nonconformities may be a basis for identification of conditions and factors 
important for the development of the hazardous event and following accident. Risk 
assessment is a tool to identify hazards associated with, for instance, an operation, a 
piece of equipment, or a workplace. Knowledge from analyses of accidents and near-
misses is valuable input to the risk assessments. Furthermore, inspections and safety 
audits are performed to check the compliance of the safety procedures and measures, 
i.e., the success of safety management implementation.  

The risk picture and safety levels at the fish farm are likely to be different during periods 
of normal operation compared to periods of a certain activity, e.g., maintenance 
operations or fish crowding (Yang and Haugen, 2015). As of today, the risk assessments 
are related to the risk dimensions and not coupled in one system (Holmen et al., 2017b). 
This implicates a need for a decision-support tool related to the actual safety levels 
during marine operations. The operational manager would benefit from a tool objectively 
assisting decisions during operational planning to help decide if it is safe to start. 
Furthermore, the tool should also define operational limits during the operation and have 
abort criteria related to elevated risks for, e.g., fish escape and threats to personnel or 
fish. Such a tool could be safety indicators which measure the condition of the risk-
influencing factors at the fish farm. 

The number of fish escape events and occupational accident frequencies may be 
categorised as safety indicators (cf. section 2.4.8). However, these indicators are not 
associated with the safety level of future or ongoing operations. They are measures of 
the consequences of a hazardous event. Lice counts may be argued to be an indicator 
linked to a future increase in risk levels, because increasing levels may initiate a 
delousing operation. However, the mandatory measurements of fish welfare indicators, 
lice infestation, and quantifications of environmental impact do not reflect operational 
safety. 
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Table 2 summarises the current methods used for follow-up by the regulatory authorities 
and third parties and safety management in companies and at each fish farm. The 
following subsections describes these complementary approaches in more detail. 

 

Table 2 Tools and methods for safety management at the different organisational levels in the 
fish farming industry. 

Organisational level Authority Third 
party 

Company Fish farm 

Accident investigations x  x  
Analysis of events reported to the 
regulatory authority 

x    

Inspections according to regulatory 
requirements 

x x x x 

Reporting of nonconformities    x x 
Risk assessments     x x 
Safety indicators  x  x x 
Safety performance audits x x x x 

 

2.4.1 Accident investigations 
Accident models have been designed with the aim to explain why accidents happen, and 
to identify how to avoid similar accidents. Accident models can be grouped according 
to their characteristics as follows (Kjellén and Albrechtsen, 2017): 1) "chain of events" 
or causal-sequence models resulting in a loss, 2) process models based on a theory that 
deviations from normal conditions result in lost control and injuries, 3) energy models 
displaying accidents as energy transfer and introducing barriers to protect humans and 
assets, 4) logic tree models of events and conditions in the system, 5) systemic accident 
models, and 6) cognitive models focusing on human errors. 

Kjellén and Albrechtsen (2017) developed an accident analysis framework based on 
elements from the process, energy, and systemic accident models (Figure 6). It consists 
of three main parts: i) input—contributing factors and root causes, ii) process—
deviations, incident, energy absorption, and iii) output—type of loss (people, 
environmental, material assets, reputation). Accordingly, three categories of safety 
performance indicators may be derived from this model. Indicators may measure the 
output, e.g., number of injured people, or the process safety performance, e.g., frequency 
of incidents. The third category of indicators are those derived from causal factors, which 
may origin from the human, organisational, or technical systems at the workplace. 
Establishment of safety indicators related to the contributing causes—or early stages of 
losing control in the process—would be a powerful measure to prevent incidents with 
potentially serious consequences and hence a good investment for risk management. 
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Figure 6 The accident model by Kjellén and Albrechtsen (2017). 

Modern industry companies may have a complex organisation to manage to keep pace 
with technology development as well as changing external conditions and aligning with 
regulatory boundaries. More recent accident models reflect this by treating safety as a 
control problem of a socio-technical system and not as linear interactions between its 
components (Leveson, 2017). The socio-technical system was first presented by 
Rasmussen (1997) and illustrates that contributing factors on many levels, from the task-
specific operational level to regulatory and governmental, should be included in a 
complete model for risk management. Safety as a control problem in a complex system 
is also the basis for Leveson's theoretical framework for causal modelling of accidents, 
STAMP (Systems-Theoretic Accident Model and Processes) (Leveson, 2004), and the 
STPA (Systems-Theoretic Process Analysis) technique for hazard analysis (Leveson, 
2015).  

STPA has been applied to develop leading safety indicators in the engineering of safety-
critical systems in aircrafts (Leveson, 2015). It was slightly modified and successfully 
applied to identify safety checkpoints for the control structure at a gas production facility 
(Yousefi and Rodriguez Hernandez, 2020). Relevant for the topic of this thesis, Holen 
and Utne (2018) used STPA to develop a framework to identify safety indicators for 
occupational accident mitigation in the fish farming industry. Thirteen indicators were 
identified, and, after evaluation, nine were left for possible implementation in the safety 
management of a fish farm company. The case study proves that the systems theoretic 
approach of STPA is well suited for analysis of safety control problems at fish farms. 
However, the framework is extensive and would require considerable resources for a 
complete analysis (Holen and Utne, 2018).  

2.4.2 Analysis of events reported to the regulatory authority 
Analyses of aggregated accident and incident data facilitate learning from multiple 
events (Kjellén and Albrechtsen, 2017). Norwegian fish farming companies are required 
to report accidents and incidents related to fish health, fish escape, emissions to the 
environment, food safety, and occupational safety to the regulatory authorities. The 
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authorities use the aggregated data to monitor safety performance and identify needs for 
improved risk-reducing measures at an industry level. This can be, for example, new 
regulatory requirements, information campaigns, safety inspections, or safety audits. 

The accident and incident databases should be interpreted with caution. Causal-sequence 
accident models have dominated the systems for standard accident reporting and which 
accident data to be collected, describing the accident as a chain of multiple events. There 
is no distinction between observable facts and the possible influence from human and 
organisational conditions (Kjellén and Albrechtsen, 2017). 

2.4.3 Inspections according to regulatory requirements 
Inspections may be conducted by regulatory authorities, third parties, or by company 
internal inspection teams and focus on the compliance of a specified system according 
to the requirements, e.g., work procedures, the state of a technical structure, or a vessel 
operation.  

All main components of a fish farm shall be documented and identified in a user 
handbook. A "Construction certificate" is required to prove—or "measure"—the 
technical condition of the fish farm. The procedure is as follows: The fish farm is audited 
by a third party auditor who checks documents and performs a technical inspection of 
all main components, construction parts of the moorings, and extra equipment. The 
auditor may detect nonconformities which have to be closed before the certificate is 
issued. The Fdir receives a report when the certificate is obtained. 

Regular inspection and maintenance of farm structures and components are required by 
NS 9415 according to the intervals advised by technology manufacturers (Standard 
Norway, 2009). These inspections are performed by fish farm personnel or specialised 
service vessel crews. Deviations regarding the condition, maintenance intervals, or use 
of equipment, components, and farm structures are associated with the safety of an 
operation involving that piece of technology and shall be registered as a nonconformity 
(see next subsection).  Furthermore, the Fdir escape database contains information on 
escape events in which vessels, fish farm components, or equipment have been identified 
as contributing to a hazardous event. This knowledge is used by Fdir in their work as the 
regulatory authority, and learning points are fed back to the industry and may hence be 
used for improving safety management of the component or asset in question. 

2.4.4 Reporting of nonconformities (company internal) 
Fish farm companies are required to register hazardous events and nonconformities as 
part of their internal control system to evaluate compliance with regulations (Ministry 
of Labour and Social Affairs, 1996; Ministry of Trade and Fisheries, 2004). The 
nonconformities may be related to a technical failure or a work practice which deviates 
from the procedure as described in the company's quality management system. 
Registrations shall be followed up by identification of the causes for the deviation and 
subsequent implementation of corrective actions. The treatment of nonconformances is 
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thus a tool to continuously improve safety performance by capturing and managing 
hazards related to the daily operations, fish treatments, work environment, and material 
assets. This may also provide input to the risk assessments. 

2.4.5 Risk assessments 
Risk assessment is a core activity of safety and risk management. Risk assessment is 
important as a tool to control and reduce risk levels to what is acceptable. Five risk 
dimensions in the Norwegian aquaculture industry were described in section 1.6. The 
seven areas derived from the aquaculture regulations (cf. Figure 4) are commonly 
documented by separate risk assessments. The regulatory requirements for what to 
include in risk assessments are presented in article 4 (Holmen et al., 2018). 

The regulatory framework does not give instructions for the risk assessment process as 
such. The technical standard for marine fish farm constructions, NS 9415 (Standard 
Norway, 2021a), refers to the Norwegian standard on requirements for risk assessments, 
NS 5814, which was updated recently (Standard Norway, 2021b) . The previous version 
of NS 5814 (Standard Norway, 2008) was used in the study on risk assessments in the 
aquaculture industry (Holmen et al., 2018). The risk assessment process, as 
recommended by the updated NS 5814, is shown in Figure 7. 

2.4.6 Safety indicators 
A RIF may be considered a theoretical variable which is difficult to measure directly 
(Øien, 2001). Indicators are therefore used to measure its condition (Øien et al., 2011a). 
There are two main types of indicators used to describe a RIF, risk indicators for use in 
quantitative risk models (Øien, 2001; Haugen et al., 2011) and safety indicators (Øien et 
al., 2011b; Swuste et al., 2016). Several indicators may be needed to fully describe one 
single RIF. 

According to Øien et al. (2011a), a risk indicator is identified from quantitative risk 
analyses and risk-based models. Safety indicators are identified based on accident 
models other than risk models—e.g., incident-based approaches—and are used as a 
measure of past, present, and future safety levels. In the context of this thesis, safety 
indicator will be applied. 

Safety indicators are used both for measuring the state of risk control measures (leading) 
as well as for measuring the outcome or losses of an event (lagging). Kjellén (2009) 
explained leading safety performance indicators as variables able to detect evolving 
changes in risk levels. The UK Health and Safety Executive (HSE, 2006) defined leading 
and lagging relative to barriers in the Swiss cheese model (Reason, 1997). Each slice in 
the model represents a safety barrier function, and leading indicators are used to monitor 
the stability of the barrier during regular routine checks. On the other hand, lagging 
indicators are "holes" in the barrier detected after an incident. HSE (2006) defined 
lagging indicators generally as failures occurring during normal operation. 
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Figure 7 Main steps of the risk assessment process according to NS 5814 (Standard Norway, 
2021b).4 

 

Leading indicators may also be explained as parameters that predict the future safety 
performance of a company or give an early warning of a deteriorating risk control. 
Lagging indicators are commonly understood as measures of failures of the safety 
management system. Leading indicators are coupled to proactive measures and lagging 
to reactive monitoring (Øien et al., 2011a). The bowtie model (see de Ruijter and 
Guldenmund (2016) for a review) has been used to illustrate the difference between 

 
4 Figure 7 - Main steps of the risk assessment process according to NS 5814 is reproduced by 
I.M. Holmen in the doctoral thesis "Safety in Exposed Aquaculture Operations" under licence 
from Standard Online AS November 2021 (c). All rights are reserved. Standard Online makes no 
guarantees or warranties as to the correctness of the reproduction. In any case of dispute, the 
Norwegian original shall be taken as authoritative. See www.standard.no 
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leading and lagging indicators, which might be useful for practitioners. In this model, 
leading indicators are explained as the variables monitoring the state of the barriers and 
probability of rising risk levels on the left side of the undesired event, and the lagging 
indicators measure the state of the barriers and consequences on the right-hand side 
(Swuste et al., 2016).   

Safety indicators may also be categorised differently. Kjellén and Albrechtsen (2017) 
linked three categories of safety indicators to their accident analysis framework shown 
in Figure 6: i) indicators related to factors influencing a deviation (early stage RIFs), ii) 
indicators associated with the stages from when the deviation occurs till the accident is 
inevitable, and iii) measurements of loss (e.g., number of injuries, size of leaks, technical 
failures). These categories could also be relevant for monitoring safety performance in 
the fish farming industry. 

Bayesian networks (BN) are graphical models often used to illustrate the causalities 
between RIFs and an undesired event (Rausand, 2011). Influence diagrams and BN are 
terms used interchangeably in scientific literature, although BN might be explained as 
the network resulting from the development of the influence diagram (Hong and 
Apostolakis, 1993). Bayesian networks have been implemented in an increasing number 
of industrial, environmental, and financial applications and fields (Marcot and Penman, 
2019). The application of BN as the basis for risk-influence modelling and identification 
of indicators has been demonstrated within the oil and gas sector (Øien, 2001; Vinnem 
et al., 2012; Pasman and Rogers, 2014) as well as in the maritime industry (Trucco et 
al., 2008; Hänninen et al., 2014). The strength of BNs also stems from the different types 
of risk-influencing factors that may be modelled in the same system, which means that 
the risk models may include organisational and human factors in addition to technical 
ones. Hence, BN, or graphical networks in general, are flexible tools for organising, 
visualising, and modelling the knowledge about hazards and RIFs in a defined system. 

MARI is an abbreviation for Major Accident Risk Indicators and was developed by 
Haugen et al. (2011) for identification of major accident indicators for monitoring and 
predicting risk levels in the oil and gas industry. A step in the MARI method is to 
establish a qualitative RIF model, including all key factors which influence the major 
accident risk, including technical, organisational, and human ones, as well as the 
influence between the different risk factors (Haugen et al., 2011; Seljelid et al., 2012). 
The model is structured into three layers: preconditions, planning and coordination, and 
activity causing the (undesired) event. Barriers were also included as factors in the 
model. Nordtvedt (2016) has previously shown this method to be promising for 
developing a risk model for fish farming operations.  

2.4.7 Safety performance audits 
Assessments of the organisation's compliance with safety regulations and internal safety 
requirements are conducted by safety audits. Audits can be performed by external 
bodies, e.g., by a third party or regulatory authorities, or through internal audits 
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performed by the organisation itself. ISO defines audits as systematic, independent, and 
documented processes for obtaining audit evidence and evaluating it objectively to 
determine the extent to which audit criteria are fulfilled (ISO, 2018a). Employees from 
another department than the one being audited should preferably be the ones who 
conduct internal audits. In Norway, internal control is a regulatory requirement for fish 
farmers, as well as other industry companies, to ensure quality in their safety 
management system (cf. section 2.2).  

Organisational conditions influencing risk may be difficult to capture using indicators 
alone. The operational safety condition method (OSC) is a qualitative method aimed at 
closing this gap by auditing the risk-controlling systems related to a defined major 
accident (Kongsvik et al., 2010). Organisational RIFs are identified in documentation on 
accidents, incidents and deviations, staff interviews, and observations of safety 
management practices. OSC is described in more detail in section 2.4.7.2. 

Safety climate questionnaires have also been used as a supplement to quantitative 
indicators to measure workers' attitudes to and perceptions of safety at the workplace 
(Kjellén and Albrechtsen, 2017). Sets of questions and their scores make up the 
indicators. Five organisational topics are usually included: management, aspects related 
to the safety management system, perceptions of occupational risk, work load, and 
competence (Flin et al., 2000). Section 2.4.8.2 presents results from a safety climate 
study in the Norwegian fish farming industry. 

2.4.7.1 Technical Safety Condition (TTS)  
As aquaculture production technology advances, with increased levels of autonomy and 
remote operation, there will be a need for tools to monitor the technical performance and 
state of safety barrier functions. It is relevant to look to well-established ocean industries 
for effective methods for adoption. In Norway, the offshore oil and gas sector has been 
in the lead regarding both technological innovations and systems to manage major 
accident hazard risks. A couple of decades ago, a Norwegian oil and gas company 
implemented TTS as a tool to review technical safety systems and safety barriers for 
offshore production systems (Ingvarson and Strom, 2009).  

TTS was initially developed as a tool to monitor and ensure a high safety level on the 
offshore production units (Thomassen and Sørum, 2002). Management Regulations 
require the Norwegian oil and gas industry to establish barriers and monitor their 
performance (PSA Norway, 2019a). 

There are four main objectives of TTS: 1) to assess the function of safety barriers, 2) to 
increase the awareness and competence of operational safety among operators, 3) to act 
as a tool for major risk management, and 4) to document compliance with regulations. 
The basis for TTS is the barrier functions identified in the chain of events that might 
result in a major accident. Thereafter, twenty-two generic performance standards (PS) 
related to each technical safety (barrier) function were defined. The set of PSs is 
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established as a generic list for the facilities in the oil and gas industry. Three examples 
are "containment function," "gas detection," and "well barriers." Detailed performance 
requirements (PR) are identified for each PS, covering the essential functions of the 
barrier systems, the integrity, the survivability in case of a major accident, and 
competence and procedures needed for barrier management. Several aspects of the 
performance of each barrier function are examined by checkpoints defined for each PR. 
The checkpoints need to be revised according to the current company requirements or 
industry standards. Each checkpoint is individually evaluated in terms of design 
(internal, external, best industry practice), physical/technical condition, and operation 
(knowledge, training, procedures). Altogether, the checkpoints and their evaluation 
properties make up a detailed checklist which is used by the verification team to conduct 
the assessment itself. This is conducted as an audit combining interviews, document 
reviews, visual inspections, and testing. 

The properties of each checkpoint (i.e., design, physical/technical condition, operation) 
are given a score from zero to three according to their conditions: unacceptable (0), 
nonconformity/poorer than norm (1), conforms to today's requirements/good practice 
(2), better than norm (3). A grading system sums these scores up into a grade (a to f) for 
each checkpoint. The grades for the checkpoints are further aggregated into the level of 
each PR, which are rated according to grades (A to F) (Ingvarson and Strom, 2009). 
"A/a" is the best grade ("significantly better than the performance requirement"), "B/b" 
is given when the condition is in accordance with the reference level, "C/c" is 
satisfactory, and "D/d" is within the minimum safety level of the statutory regulations, 
hence good enough to pass but deviates significantly from the reference level. Grade 
"E/e" describes a condition with significant deficiencies, and "F/f" is not acceptable. The 
results of the TTS audit are thus a list of performance standards (PS) with a number of 
correlated PRs rated A–F to express whether they comply with the requirements or not. 
Corrective actions are identified and prioritised in a workshop with site personnel. 
Internal requirements set the assessment cycle to five years for all sites (Ingvarson and 
Strom, 2009). 

2.4.7.2 Operational Safety Condition (OSC) 
The OSC method was selected for possible adaptation to the aquaculture industry 
(objective 3). OSC was originally suggested as a supplement to assessments of the state 
of technical components and systems in a production facility, i.e., to the TTS method 
(Kongsvik et al., 2010). OSC was developed based on the same basic principles as TTS 
and aims to identify organisational risk factors linked to a certain undesired event 
(leakage of hydrocarbons, i.e., oil spills). The objective was initially to assess the 
operational safety condition on a petroleum installation, with a special focus on 
mitigating major accident risks and the effect of human and organisational factors on the 
performance of operational barriers (Vinnem et al., 2007). In the original work to 
develop OSC, a literature study of organisational risk-influencing factors was performed, 
and fifty-five relevant factors were found (Kongsvik et al., 2010). Further work to 



30 
 

prioritise and merge factors resulted in a list of seven factors: work practice, competence, 
procedures and documentation, communication, workload and physical environment, 
management, and change management.  

The steps of the OSC method are similar to TTS (Kongsvik et al., 2010). The first step 
is to identify the causes for the undesired incident/major hazards to be analysed. The 
chain of events may be found in accident reports, as well as investigations reports. In-
depth interviews with operators and workshops are used as a source of qualitative 
information. Step two is to map the work operations with high risk for fish escape. These 
may be found in the same sources used in step one. Step three is to develop a list of 
organisational factors with significant influence on the performance of the operations. 
Applying this method in the oil and gas industry identified seven organisational risk 
factors (see previous paragraph). The fourth step is to establish a list of internal and 
external requirements connected to each factor, resulting in a description of safety 
performance requirements. Sources for these requirements are typically legal regulations 
and company internal practices. Other written sources may be international standards 
with which the company wants to comply. Once the requirements are gathered, 
checkpoints are formulated based on the requirements (step five). These form a checklist 
used in the assessment, which is step six, for conducting the audit with employees 
representing all levels in the organisation from top managers to operators. The OSC audit 
is documented with a summary of the checkpoints and evaluations of compliance with 
external and internal requirements. Every requirement is graded A–F as in the TTS 
method. Finally, the report is presented to management. Follow-ups are recommended 
to develop measures for the potential hazardous conditions revealed by the OSC audit, 
e.g., a workshop for the workers at the installations (Kongsvik et al., 2018a). 

OSC can be used as a supplement to the internal audits as required by the Internal Control 
regulations in the aquaculture industry (Ministry of Labour and Social Affairs, 1996; 
Ministry of Trade and Fisheries, 2004). The OSC revision may detect deviations from 
formal requirements and internal work procedures and hence be a useful tool for 
evaluating safety measures and improving safety management at fish farms. 

2.4.8 Current safety management performance 
This section presents recent safety management performance measurements concerning 
risk of fish escape and occupational risk in the Norwegian fish farming industry at 
authority, company, and fish farm levels.  

2.4.8.1 Fish escape 
Measures to prevent fish escape are highly prioritised due to the potential harmful 
consequences for wild salmon stocks and economic losses. Fdir is the regulatory 
authority for aquaculture licences, fish farm structures, and prevention of fish escape. 
All fish escapes must be reported to Fdir, with specifications covering the number of lost 
fish, type of fish farm, and direct and contributing causes (Directorate of Fisheries, 
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2021b). Fdir uses this information to improve the regulatory requirements and to 
highlight hazards the fish farmers should take precautions against. The levels of fish 
escape have decreased due to systematic preventive efforts. The introduction of the 
technical standard NS 9415 improved the state of the primary barriers, the net cages, and 
mooring structures, and this resulted in a decline in escaped fish (Jensen et al., 2010). 
Implementation of the internal control regulations and aquaculture regulation seems to 
have had a positive effect after 2010. However, since 2013, the number of escaped 
salmon relative to the number of farmed salmon seems to have levelled out. Føre and 
Thorvaldsen (2021) drew attention to human and organisational factors which should be 
analysed in addition to the technical causes.  

Fdir conducted an audit for wellboats in 2018 to evaluate the safety management 
performance of wellboat operations at fish farms (Directorate of Fisheries, 2018a). The 
highest number of nonconformities was found regarding i) identification of hazards 
associated with escape and risk assessments, ii) procedures, and iii) preventive measures. 
Requirements on internal control according to the aquaculture legislation were not 
fulfilled. Furthermore, a potential for improvement was noted regarding emergency 
planning in case of accidents. 

2.4.8.2 Occupational health and safety 
The fish farm and aquaculture vessels are workplaces characterised by close contact 
between the operator and the occupational hazards. The risk of fish escape has been 
reported to be prioritised over the fish farmers' own safety (Størkersen, 2012). Serious 
occupational accidents at fish farms shall be reported to the Norwegian Labour 
Inspectorate Agency (NLIA). Occupational accidents and incidents at the vessel larger 
than fifteen metres shall be reported to the Norwegian Maritime Authority (NMA).  

In the period from 2011 to 2019, the occupational injury rate based on registrations by 
NLIA have been between fifty to sixty injuries per 10,000 person-years, with an 
increasing trend from fifty-five in 2017 to seventy-three in 2019 (SINTEF Ocean, 2020). 
This may be explained by an increasing activity of complex operations like fish 
treatments. Holen et al. (2018a) analysed occupational injury data and found that the 
most frequent modes of serious injuries were blows from an object, entanglement/crush, 
or falls occurring during lifting operations or other operations involving ropes under 
tension or falls from ladders/height. An increase in injury rate was seen during the 
autumn and winter months, and this was associated with seasonal weather conditions.  

There has on average been one fatality per year during from 2012 to 2020 (SINTEF 
Ocean, 2020). Analyses of fatalities in the period from 1982 to 2015 showed that loss of 
vessel was the prevailing hazardous event in the first and second decade, while failures 
during lifting and maintenance operations have been the main cause for fatal accidents 
after 2000 (Holen et al., 2018b). The occupational accident frequency and seriousness 
of the consequences is a concern to the NLIA (Norwegian Labour and Inspection 
Agency, 2021). NLIA prioritises inspections and information campaigns regarding 
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equipment and work vessels, exposures to chemicals, working alone, and 
musculoskeletal problems. Fish farm workers are exposed to intermittent high workloads 
(Sandsund et al., 2022). Work-related strain injuries may be a cause for acute sick leave 
as well as chronic pains during the long term, which might force experienced workers to 
resign from working in fish farming (Thorvaldsen et al., 2020). 

The recent project "Safer operations and workplaces in fish farming"5 aimed to 
systematically investigate the occupational safety and health conditions in the fish 
farming industry. The project has resulted in increased knowledge about the status, items 
for improvement, and challenges related to safety management in the industry 
(Thorvaldsen et al., 2021). A survey was conducted to collect data on the workers' 
perceptions of their work environment and exposures, health complaints and status, 
sickness leave, occupational safety, job satisfaction, and safety climate. Employees at 
fish farms, work vessels, and service vessels were included (Thorvaldsen et al., 2017). 
The overall job satisfaction was good, and as much as 97% of the respondents are content 
at work. 85% of the workers regard themselves to be of good or very good health 
(Thorvaldsen et al., 2020). Physical exposures and unfavourable ergonomic work 
postures were commonly reported, and more than 50% of the respondents were worried 
about health hazards in the work environment. Conflicting objectives regarding 
prioritisation of work tasks are likely to influence work pressure negatively. The HSE 
survey should be repeated regularly to update the knowledge basis for development of 
preventive measures at company and fish farm levels.  

Analyses of the safety climate were conducted to measure safety management 
performance at company and fish farm management levels (Kongsvik et al., 2018b). The 
focus of this survey was OHS practices, but the results may also be valid for operational 
safety in a holistic perspective. One of the questions asked was "Were risk assessments 
performed during the last four years at the fish farm?" More than 98% answered, "Yes." 
Furthermore, 90% of the respondents confirmed that safe-job analyses are used before 
complex, infrequently conducted work operations. The survey also contained questions 
relevant for safety management, e.g., compliance with safety rules and procedures, 
management of safety, reporting of events and nonconformities, internal control, audits, 
and inspections. All in all, 60% of the respondents rated the systematic safety work in 
their company to be very good and noted that the safety levels within the company had 
increased during the last two years. However, the results showed that the safety 
management systems may be better integrated in daily work, and the internal procedures 
are regarded as too complicated for practical use. Reporting of hazardous events is a 
prerequisite for development of preventive measures and for experience feedback in the 
control loop (Figure 5) (Kongsvik et al., 2019b). The various aspects associated with the 

 
5 Researcher project financed by the Research Council of Norway and managed by SINTEF 
Ocean (2016-2019) [grant no. 254899]. 
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analyses of safety climate in the fish farming industry provide learning points which are 
useful input to continuous improvement of safety management at the fish farms. 

Further analyses of the HSE survey data found a correlation between safety climate and 
self-reported health complaints (Kongsvik et al., 2019a). Involvement in safety decisions 
(i.e., decisions on purchase of new equipment and development and implementation of 
new work procedures) and work pressure (in particular, perceptions of safety being 
sacrificed to efficiency and production) were the two factors showing a significant 
negative correlation with headache, fatigue, and musculoskeletal pain in upper limbs and 
the neck. The results implicate that human health hazards need to be better managed at 
fish farms and that workers need to be adequately involved in safety decisions.  

2.5 SAFETY MANAGEMENT OF FUTURE EXPOSED AQUACULTURE 
Authorities have directed attention to several challenges associated with future seafood 
production utilising sea areas which currently are too exposed for today's fish farm 
technology. The report "Offshore Aquaculture" addresses technical standards and 
operations of farms, personnel safety, environmental risks, and fish welfare and health 
in light of the current regulatory regime (Ministry of Trade and Fisheries, 2018a). 
Recommendations from the report are included in this section. 

The technical regulations for the installations and the requirements for escape prevention 
need to be evaluated according to the rougher operating environment. The technology 
solutions and equipment must be designed to function in these conditions and require 
easy maintenance to make up for reduced availability. Sensor systems may assist daily 
inspection may by enabling remote observation of fish and barrier functions. The 
implementation of autonomic concepts with varying levels of autonomy could 
potentially reduce risks (Utne et al., 2015). A recent study has provided important 
contributions to the technology development needed to increase the level of autonomy 
in operations for inspection, maintenance, and repair of fish cages (Holmen et al., 2019; 
Sandøy et al., 2020). Furthermore, an indicator program similar to the Risk Level project 
(RNNP) in the Norwegian oil and gas industry should be considered for implementation 
in the fish farm industry (Utne et al., 2017). RNNP consists of a set of technical safety 
indicators which monitor the function of safety barriers to mitigate major accident risk 
(Vinnem, 2010; PSA Norway, 2019c). 

Discussions have arisen over whether the Working Environment Act is applicable or if 
the maritime Ship Safety Act (Ministry of Trade and Fisheries, 2007) and Ship Working 
Act (Ministry of Trade and Fisheries, 2013) are a better match for offshore aquaculture 
workplaces, since the risk picture resembles maritime and petroleum offshore industries. 
Increased distance to shore may increase emergency response times in case of material 
damage, fish escape, or occupational accidents, and the dimensioning of the resources 
for mitigating possible accidents must reflect this. Adequate competence and staffing are 
also listed as important requirements due to their impact on safety performance. 
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One of the main arguments for investigating the possibilities of exposed aquaculture is 
to reduce environmental impact. Still, many of the same challenges found in coastal fish 
farming will be present, e.g., waste disposal, emissions of possible toxic agents and 
pollution, and threats to wild salmon due to escapes or parasites. To support 
environmental risk management and reduce negative impacts, reliable systems for 
monitoring the emissions and total exposure are needed. 

The current Food Act (Ministry of Health and Care Services, 2003), Animal Welfare Act 
(Ministry of Agriculture and Food, 2009), and other legislative requirements for 
ensuring good fish welfare and health are regarded as sufficient also for offshore 
aquaculture. However, studies indicate that salmon and in particular cleaner fish may 
not thrive in high current flows and rough seas (Hvas et al., 2019). To ensure responsible 
fish farming, future sites need to be properly evaluated regarding fish welfare. Regular 
monitoring of indicators which reflect changes in fish welfare is needed to ensure the 
safety and proper treatment of the fish. 
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 RESEARCH METHODOLOGY  
 

The first part of this chapter is a reflection upon the research and research impact and 
the research methodology in general and in the context of safety science. The second 
part of the chapter presents the research approach in the PhD project, quality assurance 
and ethical issues. 

3.1 METHODOLOGY 

3.1.1 Research definition and classification 
According to the Oxford English Dictionary, research is a "systematic investigation or 
inquiry aimed at contributing to knowledge of a theory, topic, etc., by careful 
consideration, observation, or study of a subject" (Oxford ED, 2021). The same 
dictionary defines development as "the action or process of bringing something to a fuller 
or more advanced condition, spec. the explanation or elaboration of an idea, theory, etc."  

OECD registers research activities to monitor the trends of research efforts in OECD 
countries. To produce internationally comparable statistics for financial and human 
capital invested in R&D, a manual has been developed to describe a common standard 
for gathering, analysing, and reporting key figures (OECD, 2015). Their definition of 
R&D is as follows: 

Research and experimental development (R&D) comprise creative and systematic 
work undertaken in order to increase the stock of knowledge—including 
knowledge of humankind, culture and society—and to devise new applications of 
available knowledge (OECD, 2015). 

Furthermore, three types of R&D are considered (quotations from OECD (2015)): 

1. Basic research: experimental or theoretical work undertaken primarily to 
acquire new knowledge of the underlying foundations of phenomena and 
observable facts, without any particular application or use in view. 

2. Applied research: original investigation undertaken in order to acquire new 
knowledge. It is, however, directed primarily towards a specific, practical aim 
or objective. 

3. Experimental development: systematic work, drawing on knowledge gained 
from research and practical experience and producing additional knowledge, 
which is directed to producing new products or processes or to improving 
existing products or processes. 

The research in this thesis falls within the category of applied research, according to the 
objective of developing knowledge and methods for improved management of 
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operational safety in exposed sea-based fish farming. Furthermore, the results are the 
basis for experimental development conducted by the industrial partners in SFI Exposed. 

3.1.2 Research designs 
In a review of more than 1,900 research papers, Chu and Ke (2017) systematically 
extracted information about research methods. Research methods consist of two main 
categories: data collection and data analysis. Research methods should be classified 
according to the data collection technique, e.g., qualitative data require qualitative 
methods and are categorised as qualitative research, specified by the type of data 
collection (e.g., interviews) (Chu and Ke, 2017). The target group of this study is 
librarians rather than researchers; however, it brings attention to the importance of being 
consistent regarding data collection methods and appropriate techniques for analysing 
the data and describing this clearly in articles to facilitate easy access by research fellows 
in the scientific community. 

There are qualitative and quantitative research methods, and a mix of these may be 
applied according to the research questions to be addressed or hypothesis to be tested 
(Creswell, 2017). The research should be reliable, valid, and possible to generalise. 
These three criteria for research quality are universal (Tjora, 2021).  

Pure quantitative research collects numbers or values of parameters, which may be 
measures using loggers and instruments. The analyses are numerical, and statistical 
methods can be used to test the hypothesis in question. 

Qualitative research is about learning from realities in society (Leavy, 2014). Qualitative 
research methods are characterised by being close to and interacting with the 
organisation or the human population to be studied. The approach is driven by gathering 
empirical data to explore (Tjora, 2021). Case studies are a common approach to limit the 
amount of collected empirical data. Case studies are a recommended strategy in projects 
aiming to gather knowledge about the case itself, rather than about the informants as 
such. Data collection techniques relevant for case studies may be qualitative (e.g., 
interviews, observations, focus groups, documents, and literature studies) or quantitative 
methods (e.g., analyses of data registries or extracting quantitative data from existing 
processes) or a combination (e.g., surveys). Interviews may be structured, unstructured, 
or semi-structured (Leavy, 2014). Structured interviews strictly follow an interview 
guide or a fixed set of questions and may be conducted as web-based surveys. 
Unstructured interviews entail giving the informant a cue about the topic in the 
beginning, and the interviewer mainly listens and only interrupts to clarify the story. 
Semi-structured interviews follow a list of topics the interviewer wants to cover during 
the interview to collect data on subjects relevant for the research project.  

Qualitative research may also be quantified. An example is questionnaires used in safety 
climate studies. The respondents are asked to grade their response to a question or a 
statement according to a scale, e.g., integers from one to five where one represents 
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strongly disagree, five strongly agree, and three neutral. By applying statistical 
techniques to the ratings, indexes can be calculated which are correlated with the safety-
related conditions formulated as statements in the questionnaire (Guldenmund, 2000).  

Interdisciplinary research combines two or more disciplines with regard to perspectives, 
technology areas, and research methods, which are necessary conditions to solve certain 
problems (Pruzan, 2016). SFI Exposed is an example of an interdisciplinary research 
centre (Bjelland et al., 2015). The research areas are autonomous systems, decision 
support, structural design, vessel design, fish welfare, and safety. To work with the 
problems addressed, the centre employs researchers from social sciences, marine biology 
and ecology, as well as a range of engineering disciplines. 

3.1.3 Safety research progress and challenges 
The safety concept has emerged from the consumption of human labour during the 
growth of the industrial age to a practice of managing occupational safety in national 
regulations and making company management responsible for safety performance 
within organisations (Swuste et al., 2020). Safety management systems are now 
mandatory in several industries at the company level and have been the focus of safety 
science since 1973 (Li and Guldenmund, 2018).  

Safety science is by nature interdisciplinary and has implemented concepts and theories 
from, for instance, the social sciences (culture, organisation, and system theories) and 
mathematics (risk) (Swuste et al., 2020). Studies within maritime and marine safety also 
apply a variety of qualitative and quantitative research methods and multidisciplinary 
approaches (Bye et al., 2021). Additional applications and fields for safety research 
continue to emerge, e.g., from new technologies or effects of climate changes. These are 
currently handled as separate issues by experts within different academic disciplines due 
to the complexity of the systems addressed. This multi-disciplinarity may be a challenge 
for the further development of safety science as a unified research domain (Swuste et al., 
2020).  

The development of multiple safety subdomains has resulted in an increasing number of 
specialised safety researchers and scientific publications (Goerlandt et al., 2021). 
However, the empirical contributions to the scientific literature are few compared to the 
number of theoretical articles (the ratio being approximately one to five) (Rae et al., 
2020). The flow of scientific articles may thus not contribute to further progress of safety 
in practice because they are not evaluated by practitioners or demonstrated to improve 
safety management systems. 

There thus seems to be an increasing gap between safety as a science and safety in 
practice. Authorities may adopt the state-of-the-art safety theories to improve regulatory 
requirements despite these not having been evaluated in practice (Rae et al., 2020). 
Safety regulations may also be copied to new industries without considering that 
different external or internal conditions may not align with the requirements (cf. section 
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2.2). The result is safety management decrees that do not support safe practices within 
their respective workplaces.  

The trend of shifting from detailed, specific safety rules to so-called functional 
regulatory requirements has increased the number of company-internal safety 
procedures and subsequently requires more resources for internal control activities 
(Størkersen et al., 2020). A recent study demonstrates this point in the fishing and 
maritime industries. Fishers and seafarers find the regulatory requirements for safety 
management too resource demanding to implement and not useful in practice 
(Størkersen and Thorvaldsen, 2021). Swuste et al. (2020) suggested that both these 
abovementioned challenges can be solved by encouraging scientists and industry 
practitioners to jointly develop tools for safety management and evaluate them in a real-
world setting. 

Due to the increasing complexity of the risk picture in high-tech industries, there is a 
need for a shift from merely designing risk-reducing measures complying with 
regulations to also being prepared for unanticipated events (Swuste et al., 2020). 
Identification of new hazards and emergency preparedness for the "unknown" thus 
should be given greater attention in future safety management systems. 

3.2 RESEARCH APPROACH IN PHD PROJECT 

3.2.1 Research project plan 
The safety research area in SFI Exposed is anchored to the aquaculture industry's needs 
related to operational risk management and safe fish farming at more exposed locations. 
This has shaped the PhD project in that the results should be applicable and highly 
relevant for the industry in the short term but also contribute to improved safety and risk 
management in the longer term. The research activities were hence designed to ensure 
true involvement of operators, safety personnel, and middle and top management, as well 
as the regulatory authorities, to capture the basic needs and flaws in the current safety 
management of fish farming. Accordingly, a project plan was developed during the first 
semester of the PhD study at the Department of Marine Technology, NTNU. The 
milestones and topics of the work packages have been adjusted during the study 
according to its progress and the results from parallel R&D activities. 

Figure 8 shows that the PhD project has been a part of a systematic effort to increase 
knowledge about and improve safety levels in fish farming operations. 

Chronologically, the study described in article 2 (Thorvaldsen et al., 2015) was the first 
to be conducted. It played a major role together with the safety research in the research 
project Sustainfarmex6  to document the need for a long-term research effort on safety 

 
6 Sustainfarmex (2012–2015) was a knowledge-building research project funded by the Research 
Council of Norway [grant no. 210794]. 
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and risk management in the aquaculture industry (Holen, 2019). This was continued 
within SFI Exposed. It also sparked the idea of studying causal mechanisms and risk-
influencing factors in fish farming applied to fish escape throughout the PhD work 
presented in this thesis. 

 

Figure 8 The PhD project in the context of systematic research efforts7 to increase knowledge 
about operational safety conditions and develop measures for reducing risk and accident 
prevention in the fish farming industry. 

 

3.2.2 Research methods applied 
This section is a general discussion of the choice of research methods in the PhD project. 
An overview of the data material and methods applied in the articles is included in 
Chapter 4 as a basis for the contributions to each objective.  

The PhD project mainly consists of qualitative research and is a case study of fish escape 
from Norwegian fish farms. The methods chosen for data collection were a combination 
of semi-structured interviews, workshops with experts, field observations, and review of 
safety documentation shared with us by the companies. These methods are well-proven 
in previous safety research projects within fishing, processing of fish, and fish farming, 
which all are workplaces characterised by a high degree of manual tasks and the presence 
of high energies in the work environment. The research is interdisciplinary, combining 
knowledge from multiple research disciplines and fields relevant for fish farming, e.g., 
biology, veterinary medicine, social sciences, engineering, and safety science. 

 
7 See List of Publications for more information on the projects in Figure 8. 
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Fdir authorised access to the fish escape event database, which was the basis for analyses 
and categorisation of causes and contributing factors. It is mandatory to report fish 
escape events, both confirmed accidents and suspected escape (Ministry of Trade and 
Fisheries, 2018b; Directorate of Fisheries, 2021b). The Fdir database is unique in that it 
is a national registry of fish escape accidents and no escape incidents, i.e., near-misses. 
Previous analyses of the Fdir database are based on confirmed escapes only, excluding 
the no-escape events. However, near-miss reporting is important and may support 
identification of causal chains and preventive measures otherwise not revealed (Jones et 
al., 1999; Kjellén and Albrechtsen, 2017). 

Initial quantitative analyses (frequency counts) were applied on the fish escape report 
data. To further analyse the data, expert judgement and graphical networks were applied 
to identify chains of events. Previous analyses of contributing causes to fish escape 
events and expert judgement were applied to re-categorise the Fdir database. In one of 
the articles, a qualitative BN model was applied to keep track of all conditions and 
factors extracted from the escape data and other available analyses as a basis for 
identifying relevant RIFs. 

3.3 QUALITY ASSURANCE 
The four journal articles in the thesis have been quality assured during peer review in 
international journals. The articles were submitted to different journals in order to 
present the application of safety research methods in fish farming to different 
professional and academic research communities. The conference article was presented 
at an international conference after undergoing review for acceptance. Drafting the 
manuscripts involved a long process of planning studies, collecting and analysing data, 
and writing manuscripts, during which the supervisors and colleagues (first authors/co-
authors) and the PhD candidate have been a team. Findings from the research have also 
been presented at Exposed partner meetings and workshops, international conferences, 
and national seminars. These activities have provided valuable feedback about the state-
of-the-art safety performance and challenges in the fish farming industry and the 
relevance and practical use of the results and have also laid a solid foundation for current 
and future research projects in collaboration with industry actors. 

3.4 ETHICAL ISSUES 
The project has been evaluated according to the research ethical checklist issued by the 
national committees for research ethics in Norway. Human subjects have been involved 
through personal interviews, workshops, observations, and measurements at workplaces. 
The data collected using such methods has been essential to achieve the objectives of the 
project. To ensure privacy protection of the subjects, the research has been carried out 
according to the Personal Data Act in Norway and accordingly reported to the Data 
Protection Services unit operated by the Norwegian Centre for Research Data (NSD). 
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When required, written informed consent has been obtained from the participants. They 
were informed that their personal answers would not be forwarded to their employers or 
any other persons beside the project co-workers. On a longer term, the results from this 
project will contribute to improved working conditions and reduced occupational risk 
for workers in the aquaculture industry. Furthermore, the results will also contribute to 
reduced risk of fish escape and risk to fish welfare and the external environment, which 
is positive for the reputation of the industry and hence also may improve the 
psychosocial working environment for the participants in the research. 
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 MAIN RESULTS AND DISCUSSION 
 

This chapter summarises the main results and findings in the studies performed as a part 
of the PhD project according to the research objectives. Figure 9 gives an overview of 
the main objective, research objectives, and scientific articles. Each article contributes 
to one or more of the objectives. The contributions from the articles to each objective 
are presented in sections 4.1–4.5. The impact of the research contributions is discussed 
in terms of theoretical contributions and practical applications in section 4.6. 

 

 

Figure 9 Overview of the objectives of the PhD project, and the scientific articles which target 
one or several of the objectives. 

 

 

The main objective of the PhD project is to develop knowledge and methods for 
improved safety management in exposed sea-based fish farming. 
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4.1 OBJECTIVE 1: IDENTIFICATION OF HAZARDS AND FISH ESCAPE SCENARIOS 
The first objective (O1) was to analyse fish escape event data and identify the hazards 
and fish escape scenarios which may cause hazardous events and result in accidents. 
Knowledge about the chain of events may be used to improve risk management and fish 
escape prevention strategies, as well as act as a basis for emergency planning. 

Two of the articles contribute to this objective (Figure 10). Article 1 is the main 
deliverable on the fish escape scenarios (Yang et al., Under review), while the results 
from research article 5 (Holmen et al., 2021) add knowledge regarding the range of 
hazards and causal chains with interlinked contributing factors and conditions. 

 

 
Figure 10 Articles 1 and 5 contribute to objective 1. 

 

4.1.1 O1: Data material and analyses 
The basis for the analyses in articles 1 and 5 is the fish escape database maintained by 
the Directorate of Fisheries (Fdir). The database is a collection of historical registrations 
of fish escape event data reported by fish farmers as required by regulations. The aim of 
article 1 is to identify and discuss a representative set of fish escape scenarios. 745 
registrations of salmon and trout escape events between January 2006 and August 2019 
are included in the analyses for article 1, including both accidents (confirmed escapes) 
and incidents (near-misses, i.e., no escape was concluded). Sixty per cent are no-escape 
events.  

In the original dataset from Fdir, the registrations of fish escapes are sorted according to 
the size of the escape and five coarse event categories, namely external event, operational 
failure, structural failure, unsolved case, and not relevant. Causes are not registered in a 
systematic manner. Initial analyses concluded that this database design did not capture 
the most frequent escape scenarios and the complex causal chains. Hence, a re-
categorisation of the database is conducted, as described in article 1. Due to missing data, 
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502 of the registrations in the Fdir database have been reanalysed into the new categories, 
261 (52%) of which are no-escape events. 

The study in article 5 aims to develop a methodology for identifying safety indicators in 
fish farming operations based on analyses of fish escape accident report data. One step 
of the method is to describe the causal chains illustrated in a Bayesian network (BN) (see 
section 4.5). The insight in the logical sequence of the chains of events is employed 
during the scenario building in article 1. 

When needed for clarification of the escape event report details, technical documentation 
has been sought regarding the fish farm structures on the different manufacturer's 
internet homepages and in the technical standard NS 9415 (Standard Norway, 2009). 

The registrations of fish escape events in the Fdir database are based on the mandatory 
reporting from fish farmers (Directorate of Fisheries, 2021b). The associated analyses 
are thus limited to the information reported by fish farmers, which is transferred and 
adapted to the categories in the Fdir database. The results may subsequently be 
influenced by subjective interpretation. Some events, in particular the no-escape events, 
are poorly described regarding causalities. The reason for this is that some hazardous 
events are discovered after time has passed, and information on contributing causes may 
be difficult to retrieve. For some of the events, expert judgements are used to fill in the 
blanks, applying knowledge gained during previous analyses of escape causalities and 
interviews with fish farmers. Furthermore, some events may likely went unreported, as 
underreporting generally is a challenge for accident reporting to the authorities (Kjellén 
and Albrechtsen, 2017). However, the Fdir database is built from fish escape event data 
gathered during several years and is regarded as representative of the different types of 
hazardous events which are likely to occur. 

4.1.2 O1: Results 
The contributions from the articles are three-fold. First, a range of hazardous events are 
identified based on a reanalysis of the Fdir database. Second, underlying factors and 
direct causes, which may influence the development and consequences of the hazardous 
events, are extracted from the available information in the database and previous 
analyses and systematised. The kind of operation going on (if any) is also identified. 
Third, causal chains are illustrated graphically as fish escape scenarios based on the re-
categorisation of the fish escape data.  

4.1.2.1 Hazardous events 
Four main types of hazardous events are identified after the reanalysis of the fish escape 
database and described in article 1: fish escape due to 1) submerged net, 2) holes in the 
net, 3) loss of fish, and 4) structural damage without damage to the net. Type 1 and 2 are 
further broken down into subgroups (Table 3). 
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Table 3 The four main types of hazardous events and subgroups resulting from the reanalysis of 
the Fdir database presented in Yang et al. (Under review). 

Type of hazardous event 
1. Fish escape due to submerged net 

   a) Submerged net due to structural failures 

   b) Submerged net due to operational failures 

   c) Submerged net due to external events 

2. Fish escape due to holes in the net 

   a) Net chafing causes holes (no operation ongoing) 

a.i) Wear and tear from structures causes holes 

a.ii) Wear and tear from mounted equipment causes holes 

a.iii) Wear and tear without specified causes 

   b) Holes in the net due to net failures 

   c) Holes in the net due to operational failures 

c.i) Holes in the net during mort collection operations 

c.ii) Holes in the net during net cleaning operations 

c.iii) Holes in the net during handling of stretching system 

c.iv) Holes in the net while handling floating lines 

c.v) Holes in the net caused by vessel contact 

c.vi) Holes in the net due to damage from other extra equipment 

   d) Holes in the net due to lost items in the cage 

   e) Holes in the net due to external events 

   f) Holes in the net without specified causes 

3. Fish escape due to loss of fish 

4. Fish escape due to structural damage without damage to the net 

 

Figure 11 presents the frequencies of the main types of hazardous events and the analysis 
in terms of consequence category (large, medium, small, very small, no escape). The 
hazardous event "holes in the net" is the major cause for escapes and near-misses and 
counts for 79.1% (397) of the 502 reanalysed fish escape hazardous events. 246 out of 
the 397 "holes in the net" events are near-misses; however, thirty-eight are large-scale 
events, hence the type of event which cause most serious accidents. Six subgroups of 
"holes in the net" events have been identified, two of which are further broken down into 
subcategories which identify the structures or operations that frequently result in a hole 
in the net. The full list of hazardous events associated with "holes in the net" are included 
in Table 3. 
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Figure 11 The four main fish escape hazardous events after reanalysis of the Fdir database. The 
fish escape consequence categories (large, medium, small, very small, no escape) are presented 
as a percentage of the total number of events of each type. The figure is reproduced from Yang 
et al. (Under review). 

The second-most-frequent hazardous event leading to severe consequences is 
"submerged net." Fourteen out of twenty-eight registered events are large-scale events, 
i.e., more than 10,000 escaped fish per accident, although this type of event accounts for 
only 5.6% of the re-analysed events. The three subgroups of "submerged net" specify 
the hazards resulting in a submerged net: structural failures, operational failures, and 
external events (cf. Table 3). 

"Loss of fish" is the second-most-frequent in number (13.5%) in Figure 11, but four out 
of every five escape events in this category have resulted in a hundred escaped fish or 
fewer, i.e., they are very small-scale or no-escape events. 

The fourth type of hazardous event, "structural damage without damage to the net," 
includes nine events, of which one resulted in a small-scale escape. The other eight were 
near-miss incidents. This category was included because these events have the potential 
for more severe consequences if the environmental forces were stronger. 

4.1.2.2 Contributing causes and conditions 
The analysis of the Fdir database identified a range of direct causes and underlying and 
coupling factors influencing the development of a hazardous event. These are presented 
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in Table 4 and are the basis for developing the fish escape scenarios presented in article 
1. The fish farming operations associated with the hazardous events are also included in 
the table. When needed for clarification, available information has been added from the 
analyses for article 5. The factors' interaction with the hazardous events in causal chains 
are illustrated as scenarios (see section 4.1.2.3).  

Table 4 Direct causes, underlying and coupling factors, and operation ongoing (if any) identified 
from the original Fdir database. The causes and factors are sorted according to the four main 
hazardous events and may hence be repeated. 

Direct cause Underlying factors Coupling 
factors 

Operation 
ongoing 

1. Fish escape due to submerged net (28 events, 14 large-scale escapes) 
Collision from foreign vessels 
Collision from drifted barge 
Execution failure during net 

handling 
Fire damage 
Floating collar failure 
Insufficient attachment of the 

net 
Latent failure introduced 

during maintenance 
Mooring system failure 
Net rope breakage 
Predator invasion 
Sabotage 
Structure fails to withstand 

environmental load 
Too strong force from 

wellboat/vessel 

Chafing due to extra 
equipment 

Failures in electric cabinet 
Erroneous dimensioning 
Mooring chain breakage 
Too heavy biofouling on the 

net 
Too heavy icing 
 

Storm 
Strong 

current 

Net replacement 
No operation 
Vessel manoeuvring 

in fish farm 
Wellboat-involved 

operation 

2. Fish escape due to holes in the net (397 events, 38 large-scale escapes) 
Collision from foreign vessels 
Contact with mooring system 
Contact with cleaner fish 

equipment 
Contact with delousing skirt 
Contact with light, monitoring 

system 
Contact with mort collection 

system 
Contact with other main 

component (floater) 
Damage from sinker tube 
Damage from weight system 
Design failure 
Failures in feeding system 
Fishing gear 

Anchor displacement 
Biofouling 
Deviation from procedure 

(contact with structures or 
weight system) 

Deviation from procedure 
(mort collection, float line 
operation, vessel mooring) 

Erroneous dimensioning 
Extraordinary amount of 

dead fish 
Installation failure 

(mounted equipment) 
Lack of maintenance 

(mounted equipment, 
weight system) 

Storm 
Strong 

current 
 

Crowding of fish 
Delousing 
Feed delivery 
Fish delivery 
Fish treatment 
Mort collection 
Net cleaning 
Net handling 
Net installation 
Net lifting 
Net repair 
No operation 
Sorting fish, lice 

counting, weighing 
Transfer fish 

between cages 
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Direct cause Underlying factors Coupling 
factors 

Operation 
ongoing 

Flotsam 
Net entanglement with mort 

collection system 
Not specified 
Operational error 
Predator 
Production failure 
Propeller caught in net 
Service failure 
Tear from boat collection 

system 
Tear from mort collection 

system 
Too strong force over stuck 

float line 
Too tightened float line tears 

the net 
Truck collision 
Vessel mooring line not in place 
Wear from weight system 
 

Latent failure after 
operation (feeding 
system) 

Loosened mooring 
Manoeuvring failure 
Net entanglement (bottom 

weight system, float line) 
Net entanglement with 

wellboat 
Not specified 
Sharp edges (mort 

collection system) 
Side effect from combining 

use of float line with float 
ring 

Slack net 
Technical failure (mort 

collection system, weight 
system) 

Wellboat operation failure 
 
 

 
Wellboat-involved 

operation 

3. Fish escape due to loss of fish (68 events, no large-scale escapes) 
Loss from mort collection 

system 
Net failure (too large mesh) 
Operational error 

Communication failure 
Deviation from procedure 
Erroneous dimensioning 
Slips and lapses 

Strong wind Crowding 
Delousing 
Fish delivery 
Mort collection 
Net handling 
Net shifting 
No operation 
Not specified 
Sorting fish, lice 

counting, weighing 
Transfer fish 

between cages 
4. Fish escape due to structural damage without damage to the net (9 events, no large-scale 
escapes) 
Collision from foreign vessels 
Collision from operation-

related vessels 
Mooring system failures 

Environmental forces 
Installation failure 
Maintenance failure 
Technical failure 

 No operation 
mentioned 

 

4.1.2.3 Fish escape scenarios 
The fish escape scenarios summarise the most frequent chains of events derived from 
the Fdir registrations of fish escape events. The hazardous events listed in Table 3 are 
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the top events, and the underlying factors and direct causes in Table 4 are the second and 
third level of these scenarios. It is important to understand how the underlying and 
coupling factors influence the direct cause and contribute to the hazardous event for the 
design and implementation of effective safety measures and barriers for prevention and 
mitigation of accidents. 

Figure 12 reproduces one of the fish escape scenarios presented in article 1, which is 
scenario 2ai: Wear and tear from structures causes holes. The figure shows the 
hazardous event on the top, the identified direct causes are illustrated at level two, and 
level three shows the underlying factors. The fourth level at the bottom contains risk-
influencing factors, which are called coupling factors in article 1. These are weather 
(wind, storm, precipitation etc.) and sea-state parameters (waves, currents) and are 
included when they have been mentioned in the escape event registrations, However, the 
database rarely indicates whether an environmental factor is a coupling factor to an 
escape accident. 

 

Figure 12 Fish escape scenario 2ai: Wear and tear from structures causes holes. Reproduced 
from article 1, Yang et al. (Under review). 

 

4.2 OBJECTIVE 2: ORGANISATIONAL AND HUMAN FACTORS 
The second objective (O2) was to study the anticipated influence from organisational 
and human risk-influencing factors on fish escape events. The "human factor" or "human 
error" has occasionally been pointed to as the main cause for fish escapes, which 
incriminates the workers. This has grave consequences for the workers' own safety in 
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that the fish farmers do whatever they can to avoid fish escape. The workers' motivation 
to "save the day" results in self-induced occupational hazards (Størkersen, 2012).  

Article 2 is the main contribution to objective 2 (Thorvaldsen et al., 2015). Articles 1 
(Yang et al., Under review) and 5 (Holmen et al., 2021) contribute to the objective by 
illustrating the importance of including these factors in the analyses of hazardous events 
(Figure 13). 

 

Figure 13 Article 2 is the main contribution to objective 2, and articles 1 and 5 illustrate the 
importance of these factors in the chain of events. 

 

4.2.1 O2: Data material and analyses 
The Fdir fish escape database focuses mainly on external and technical causes and 
operational failures. The contributing, often underlying, organisational and human 
factors are not systematically reported or registered. The aim of article 2 is therefore to 
identify in-depth information about the presence and influence of organisational and 
human factors in the causal chains of confirmed, large-scale escapes, from the 
operational manager's and fish farmers' view.  

The study is based on qualitative data using three different methods for collection. The 
main data source in article 2 is semi-structured interviews with twelve workers recruited 
from companies having experienced a fish escape accident between the years 2009 to 
2012. The companies were initially identified through a public registry of fish escape 
events and the study included informants on fish farms, wellboats, and service vessels. 
The companies were selected according to the following criteria: having reported a 
confirmed fish escape, sited in different geographical regions along the Norwegian 
coastline, companies of different size, and fish farms of both steel construction and net 
cages with plastic floating collars. The informants were interviewed either in person or 
by phone. The second source of information is thirty-three nonconformity reports 
regarding escapes and no escape events made available to the researchers by the 
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companies in the study. A workshop gathering twenty-one participants, trade union 
representatives, operators, and managers from different fish farming companies is the 
third data collection activity in the study. The workshop focused on identification of 
hazards and hazardous events associated with fish farm operations of high escape risk, 
as learnt from the interviews. 

The data material is analysed for information on causes and conditions linked to previous 
escape events. Due to the objectives of the study, the influence of organisational or 
human factors on the chain of events is given special attention in the analyses.  

4.2.2 O2: Results 
The study in article 2 systematically explores the meaning and extent of the term "human 
error" in the context of fish escape events. The analyses identify the following 
organisational and human factors which have influenced the development of previous 
fish escape accidents (Thorvaldsen et al., 2015): 

• Technology design, human-technology interaction 
• Physical work environment 
• Workload and work pressure 
• Training, skills, and experience 
• Cooperation and communication 
• Safety management 
• Procedures 
• Risk assessment 
• Nonconformity reports 

This study shows that "human errors" can be linked to a range of contributing causes and 
conditions, few of which are the responsibility of the worker alone but instead a function 
of the company's level of performance regarding risk management. The fish escape 
scenarios in article 1 include direct causes and underlying factors which are 
organisational or human factors, e.g., "operational error," "installation failures," 
"deviation from procedure," and "lack of maintenance." The BN developed in article 5 
includes organisational conditions and operational errors as individual nodes in the 
causal chains. 

Article 2 also concludes that there is a need for increased attention to how safety is 
organised in fish farm companies. It is important to understand how organisational 
factors and conditions influence safety levels in aquaculture operations. This was further 
explored in the researcher project "Safer operations and workplaces in fish farming" 
(Thorvaldsen et al., 2021). But how do we measure the state of the organisational factors 
of importance? This is investigated in the study described in the next section. 
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4.3 OBJECTIVE 3: EVALUATION OF OSC METHOD IN AQUACULTURE 
The safety management system in an organisation should support good safety practices. 
Appropriate audit methods are necessary to systematically assess the state of these 
practices. This was the background for objective 3 (O3): to evaluate whether the 
Operational Safety Condition (OSC) method from the oil and gas industry is applicable 
to fish farm operations.  

Article 3 (Holmen et al., 2017a) is the main contribution to O3 (Figure 14). Article 2 
contributes with increased knowledge on the organisational and human factors which 
influence the development of fish escape accidents (Thorvaldsen et al., 2015). 

 

 

Figure 14 Article 2 and 3 address objective 3. 

 

4.3.1 O3: Data material and analyses 
Article 3 is based on information from different sources so as to compile the necessary 
data material for evaluating whether the OSC method is suitable for the fish farming 
industry. Publicly available documentation on the development of the original method 
was studied (Vinnem et al., 2007; Kongsvik et al., 2010; Kongsvik, 2013) as a starting 
point. 

To document the need for a method to audit organisational factors in the aquaculture 
industry, mandatory requirements on safety management were identified from the 
relevant laws and regulations (cf. Section 2.2).  

Documentation on operations, hazards, causes, factors, and conditions associated with 
increased risk for fish escape were collected from article 2, Fdir's public escape registry, 
and previous research (Fenstad et al., 2009; Jensen et al., 2010; Sandberg et al., 2012; 
Størkersen, 2012).  
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4.3.2 O3: Results 
Safety management and safety audits are regulatory requirements in all Norwegian 
industries, fish farming included. As of today, fish farms perform internal audits, as 
required by the internal control regulations, or external audits by a third party. The OSC 
method could provide an additional tool for companies' internal audits to identify and 
understand the organisational factors influencing operational safety levels. 

OSC was developed to reduce the major accident risk at offshore installations, 
specifically to prevent release of hydrocarbons (Kongsvik et al., 2010). In O3, the 
method is applied on unintended release (escape) of farmed fish. Article 3 presents a 
study carried out step by step to adapt the OSC method to fish farming. The method 
follows the below suggested steps: 

Step 1 – Identify causes of accidents 
Step 2 – Map work operations associated with increased risk of escape 
Step 3 – Identify organisational factors of importance 
Step 4 – Identify internal and external requirements 
Step 5 – Define checkpoints 
Step 6 – Conduct the audit 

Steps 1 and 2 were conducted using the data sources listed in the previous section. The 
organisational and human factors identified in article 2 (cf. Section 4.2.2) are almost 
identical to the factors originally established for the oil and gas industry (Kongsvik et 
al., 2010), which indicates that the latter may apply also to the fish farming industry. 
Step 3 was hence approached by assessing the seven original OSC factors against the 
operational challenges described in article 2, and Table 5 summarises the result. 

Table 5 The influence of organisational factors in critical fish farm operations. The table is based 
on a figure in Holmen et al. (2017a) (article 3). 

Organisational factors 
identified in the 
development of the OSC 
method 

Operations associated with 
increased risk for fish 
escape (step 2)  

Organisational factors 
relevant for the 
operations, cf. column 1 
(step 3) 

1. Work practice 
2. Competence 
3. Procedures and 

documentation 
4. Communication 
5. Workload and physical 

environment 
6. Management 
7. Change management 
 

Crane operations  
Delousing with tarpaulin  
Wellboat operation 
Daily work and maintenance 
(harsh weather)  
Inspection of mooring lines 
and net cage  
Net cage replacement  
Transfer of fish  
Feed delivery 

1–6 
1–6 
1, 4, 6, 7 
1–6 
 
1–3, 5, 6 
 
1–5 
1, 3, 4, 6 
2, 4, 5 
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The structure of the OSC method is that, for each organisational factor (step 3), a list of 
requirements is established that are retrieved from internal and external sources (step 4). 
External sources would be regulatory requirements, and internal requirements are found 
in internal procedures and ISO publications if the company's policy is to benchmark 
against international standards. For each requirement, checkpoints are to be determined 
(step 5). Article 3 contains examples of requirements and checkpoints for the 
organisational factors work practice and competence. 

Step 6 was not performed within the scope of article 3. However, a master thesis in 2019 
describes the development of an OSC audit adapted to aquaculture regulations and 
operations, which has been tested at a fish farm (Andreassen and Olsen, 2019). 

 

4.4 OBJECTIVE 4: STATUS AND REQUIREMENTS FOR RISK ASSESSMENTS 
Risk assessment is a core activity in safety and risk management. Objective 4 (O4) was 
to explore the status for risk assessment practices in the Norwegian fish farming industry 
in relation to regulatory requirements. Initial research revealed that the regulatory 
framework for operational safety in fish farming is complex (Holmen et al., 2017a; 
Holmen et al., 2017b). Article 4’s contribution to the objective stems from presenting 
the status of risk assessments in the Norwegian aquaculture industry and suggesting an 
approach to improve risk assessment procedures according to formal requirements 
(Holmen et al., 2018) (Figure 15). 

 
Figure 15 Article 4 addresses objective 4. 
 

4.4.1 O4: Data material and analyses 
Data for article 4 is collected from four main sources: 1) review of the mandatory laws 
and regulations for fish farms regarding clauses on safety and risk management, 2) 
interviews and observations at five fish farms and on board four service vessels, 3) 
review of risk assessment documentation from three fish farming companies, and 4) four 

Objective 
4

Article 4
STATUS OF RISK 
ASSESSMENTS 

AND 
REGULATIONS



56 
 

workshops with participants from several companies in which risk assessments of 
selected operations were conducted. These operations were rated by the participants to 
be of "high risk." The overall aim of the analyses was to identify gaps between the 
current practices and the mandatory requirements for conducting risk assessments. The 
comparison is based on the recommended procedure for risk assessments according to 
the Norwegian standard NS 5814 in the version valid at the time of the study (Standard 
Norway, 2008).  

4.4.2 O4: Results 
Risk management of fish farm operations is regulated by five authorities (Figure 4): the 
Directorate of Fisheries (Fdir), the Norwegian Maritime Authority (NMA), the Food 
Safety Authority (FSA), the Labour and Inspection Agency (LIA), and the County 
Administration/Governor. Article 4 summarises the mandatory requirements for risk 
assessments found in the relevant regulations, as well as the current industry practices. 
The interviews, observations during fish farm operations, and review of risk assessment 
documentation revealed significant gaps compared to the recommendations in NS 5814. 

The main gaps appear in the planning phase in that the risk assessments are not 
prioritised in the daily work, and there was insufficient involvement of operators in the 
analysis phase. Involvement of operators is a core requirement also in the internal control 
regulations which are mandatory for the aquaculture industry (Ministry of Labour and 
Social Affairs, 1996; Ministry of Trade and Fisheries, 2004). Furthermore, challenges 
exist regarding implementation of risk assessments in the organisations, i.e., the 
thoroughness of the risk analysis phase, the quality and content of the risk 
documentation, and how well the organisation manages to transfer the knowledge from 
the risk assessments into improved operational safety.  

The findings suggest a workshop-based approach for risk assessments which satisfies 
the requirements in the fish farming industry (Holmen et al., 2017b). Workshop 
participants are divided into four groups as shown in Figure 16. Each group receives 
markers of different colours they keep throughout the work. Groups A-D starts to 
describe, step by step, the tasks of one operation each. When finished, they move to the 
next table and comment on the description made by the first group. This continues till 
all four groups have agreed on the description of the operation. The next stage involves 
identifying the hazards associated with the work tasks, and the same procedure of 
commenting/adding to the input from the other groups is continued. This is repeated for 
the next steps of the risk assessment procedure. 

Fish farm and service vessel workers should be the main participants of these workshops, 
hence ensuring a good involvement of operators. The largest improvement compared to 
the current practices is that each operation first is listed in detail, and the hazards 
associated with each task are identified, described, and evaluated by the operators. 
Limited resources in daily operations require efficiency and good planning, and the 
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planning and documentation phases of the risk assessment procedure may be performed 
by the HSE professionals of the fish farm company. 

 

Figure 16 Workshop layout for true operator involvement in risk assessments, according to 
Holmen et al. (2017b). 

 

4.5 OBJECTIVE 5: RISK-INFLUENCING FACTORS AND SAFETY INDICATORS 
Objective number five (O5) was to identify and analyse human, organisational, and 
technical risk-influencing factors and develop safety indicators for reducing risk for fish 
escape during fish farm operations. Article 5 is the main contributor to this objective 
(Holmen et al., 2021) (Figure 17). Findings from the research published in article 2 
(Thorvaldsen et al., 2015) and article 3 (Holmen et al., 2017a) contribute to O5 through 
knowledge on the influence of organisational conditions and factors on operational 
safety. Article 4 (Holmen et al., 2018) contributes with an overview of regulatory 
requirements and industry best practices regarding maintenance of fish farm structures 
and monitoring of operations. 
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Figure 17 Article 5 is the main contribution to objective 5. Articles 2 and 4 give input to O5 on 
regulatory requirements and human and organisational factors. 

 

4.5.1 O5: Data material and analyses 
The main objective of article 5 was to develop a methodology for identifying safety 
indicators in fish farming operations using fish escape accident reporting data. The case 
study in this article is based on a subset of the Fdir database, i.e., confirmed escapes of 
salmon and trout during the years 2010–2016 limited to the hazardous events "hole in 
net" and "submerged net." The approach in article 5 entails extracting all environmental, 
technical, operational, and organisational conditions and hazardous events mentioned in 
the reported accidents to develop a qualitative BN, thus linking the factors together.  

Articles 2, 3, and 4 are sources of information on operations associated with increased 
risk levels by the fish farm workers, organisational and human factors, and regulatory 
requirements. Available analyses of causes of escape were used to determine the logical 
sequence of the causal chains (Føre and Thorvaldsen, 2017; Thorvaldsen et al., 2018; 
Føre et al., 2019). Based on the insight from the BN, risk-influencing factors (RIF) are 
identified. Safety indicators are derived to monitor and measure the condition of the 
RIFs. The final step concerns evaluating the indicators according to chosen quality 
criteria. Expert judgements have been included as a part of the evaluation based on 
discussions with three operational managers from the fish farming industry.  

Objective 5

Article 2
ORGANISATIONAL 

AND HUMAN 
FACTORS

Article 3
OSC - EVALUATE 

ORGANISATIONAL 
FACTORS

Article 4
STATUS OS RISK 

ASSESSMENTS AND 
REGULATIONS

Article 5
SAFETY INDICATORS
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4.5.2 O5: Results  
The study resulted in an overview of the causal chains for registered fish escape 
accidents, a list of RIFs for fish escape events, and suggested safety indicators to measure 
the condition of each RIF. 

4.5.2.1 Causal chains 
Figure 18 shows an example of a graphical network based on the fish escape analyses, 
the BN for the operation fish crowding (reproduced from Holmen et al. (2021)). The 
causal chains are illustrated with the main operation ongoing as the parent node on the 
left and the hazardous events and the fish escape node on the right side. The indirect and 
direct contributing causes and factors are sorted in logical order as interpreted from the 
accident reports between the operation and the hazardous event. For the case of fish 
crowding, the hazardous event "hole in net" is the only one registered and thus included 
in Figure 18.  

4.5.2.2 Risk-influencing factors (RIF) 
Hazards associated with increased risk levels at fish farms emerge from organisational, 
operational, and technical aspects, and environmental conditions may also influence risk 
negatively. Knowledge about the relevant RIFs may form a good foundation for both 
authorities and the fish farming industry to develop preventive and mitigating measures 
for fish escape. Table 6 summarises the RIFs identified in articles 2, 3, and 5. In articles 
2 and 3, the term risk-influencing factor as such is not used, but, according to the RIF 
definition in article 5 and Section 2.1, the term applies to the conditions and contributing 
factors identified in these articles. Article 2 focuses on organisational aspects and 
conditions influencing risk of escape, including technology and physical work 
environment. RIFs of different types are thus derived from the findings in this study. 
Article 3 evaluates whether the OSC method originally developed for the oil and gas 
industry could be adapted to fish farming and hence focuses only on organisational RIFs. 
Article 5 identifies categories of RIFs and individual RIFs from accident report data 
(Holmen et al., 2021) as one step in the suggested approach for developing safety 
indicators.  

4.5.2.3 Safety indicators for fish escape safety level monitoring 
The safety indicators are the measurable parameters carefully identified to reflect the 
changes in the condition of each RIF. The final set of indicators are selected according 
to four quality criteria, which shall ensure that the indicators are observable, quantifiable, 
relevant, and robust. Figure 19 shows the forty accepted safety indicators resulting from 
the fish escape case study in article 5. There are ten safety indicators associated with 
seven environmental RIFs, eleven organisational safety indicators and four RIFs, seven 
operational safety indicators and an equal number of RIFs, and twelve technical safety 
indicators and twelve technical RIFs. Article 5 includes suggestions for acceptable states 
of the safety indicators. 
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Table 6 A summary of risk-influencing factors (RIF: causes, underlying factors, coupling factors, 
conditions, aspects etc.) derived from analyses of fish escape events in articles 2, 3, and 5. 

Environmental RIFs Organisational RIFs Operational RIFs Technical RIFs 
Article 2 Thorvaldsen et al. (2015) 
Physical work 

environment: 
Harsh weather 
Strong winds 
Strong currents 
High waves 

Workload and work 
pressure 

Training, skills, and 
experience 

Cooperation and 
communication 

Safety management 
Procedures 
Risk assessment 
Nonconformity 

reports 

Handling net 
Handling sinker tube 
Lice treatment 
Vessel-assisted 

operations 

Technology design, 
human-machine 
interaction 

Sinker tube 
Tarpaulin 
Net condition 

Article 3 Holmen et al. (2017a) 
 Work practice 

Competence 
Procedures and 

documentation 
Communication 
Workload 
Physical environment 
Management 
Change management 

  

Article 5 Holmen et al. (2021) 
Wind  
Water current  
Waves 
Visibility 
Icing 
Flotsam 
Predators 

(Adopted from article 
3) 

Workload 
Work practice 
Competence 
Procedures and 

documentation 
 

Vessel manoeuvring 
around fish farm 

Vessel manoeuvring 
alongside net cage 

Net attachment 
procedure  

Component/equipment 
installation 

Crowding net handling 
Net hook storage 
Net cage repair service 
Fish pump mounting 

Electric power supply 
condition 

Floater condition 
Feed barge mooring 
Floater biofouling 

degree 
Mort collection system 

condition 
Anchor placement 
Component/equipment 

technical state 
Mooring line condition 
Coupling plate/ 

crowfoot placement 
Sinker tube chain state 
Sinker tube placement 
Bottom weight system 

condition 
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Figure 19 The safety indicators from the case study in article 5 (Holmen et al., 2021). 

Environmental 
safety indicators 
(10)

•Wind speed
•Wind direction
•Water current speed
•Water current direction
•Wave height
•Wave direction
•Visibility distance
•Amount of ice on structures
•Flotsam presence
•Predator presence

Organisational 
safety indicators 
(11)

•Ratio of workers available/workers needed
•Number of overtime hours per operator in previous shift 
•Number of overtime hours per operator during a rotation 
•Proportion of operators reporting that the workload often/very often is 

too high
•Number of registered procedure nonconformities per year (per work 

operation)
•Proportion of operators describing a work practice corresponding to the 

documented procedure
•Backlog of safety-critical maintenance/inspections (there are postponed 

tasks)
•Proportion of operators with documented qualifications that meet 

requirements
•Risk assessments documented
•Number of registered failures due to inadequate user manual
•Updated documentation for critical equipment and main components

Operational 
safety indicators 
(7)

•Number of undesirable vessel contacts with critical fish farm structures 
per month

•Missing knots detected
•Incorrectly mounted component or equipment detected
•Crowding net gets stuck during the operation
•Lost net hook inside net cage during fish crowding
•Faulty net repairs detected during a production cycle
•Faulty fish pump mountings detected during or after fish transfer

Technical safety 
indicators (12)

•Detected failure in electric power supply 
•Defective floater elements detected
•Barge mooring failure detected
•Heavily biofouled floaters detected at fish farm
•Detected failure in mort collection system 
•Ratio of detected anchor displacements/anchor checks
•Ratio of detected failures/component checks
•Ratio of detected failures/mooring line checks
•Ratio of detected failures/coupling plate/crowfoot checks 
•Ratio of loose sinker tube chains/sinker tube chain checks 
•Ratio of detected failures/sinker tube placement checks 
•Ratio of detected failures/bottom weight checks 
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4.6 DISCUSSION AND EVALUATION OF CONTRIBUTIONS 
Table 7 summarises the PhD project. The contributions to the overall aim of the thesis 
are discussed in the following subsections in terms of scientific and practical 
applications. 

Table 7 A summary of the PhD project. 

Objective Summary 

The main objective of the PhD project is to develop knowledge and methods for improved 
safety management in exposed sea-based fish farming. 

O1. Analyse 
fish escape 
event data 
and identify 
hazards and 
fish escape 
scenarios 
which may 
develop into 
hazardous 
events. 

 

 

• Fish escape data registered by Fdir was explored for information on 
hazards and contributing causes. The analyses included both confirmed 
escapes (accidents) and no-escape events (incidents). 

• The original categorisation of the Fdir database was not suitable for 
capturing the complex causality or the most frequent fish escape 
scenarios.  

• A new categorisation system was developed. The registered fish escape 
events were reanalysed and re-categorised into i) hazardous event, ii) 
direct causes, iii) underlying factors, and iv) coupling factors.  

• The reanalysis of the fish escape data made use of the free-text field 
and previous analyses of fish escape events to clarify causal chains. 
When possible, the ongoing operation (if any) was identified. 

• New categories of hazardous events were identified. Four main groups 
of hazardous events were established: fish escape due to 1) submerged 
net, 2) holes in the net, 3) loss of fish, and 4) structural damage without 
damage to the net. Groups 1 and 2 consist of three and thirteen 
hazardous events respectively, which reflects the failure mode of each 
fish escape scenario. Scenarios 3 and 4 are not broken down further. 

• The fish escape data was reanalysed using the new categorisation 
system according to the consequence of the event (size of escape). 502 
out of 745 events were reanalysed due to lack of data for some events. 
The most frequent hazardous event is "holes in the net," which are most 
often caused by net chafing by equipment/structures or operational 
failures. Thirty-eight out of 397 escape events categorised as "holes in 
the net" were large scale. 

• Fish escape scenarios were drawn based on the reanalysis of the Fdir 
database with the hazardous event as the top event, direct causes at 
the second level, and contributing causes at the third. Coupling factors 
were illustrated as the fourth level of the scenarios. 

• By including all events, the most frequent hazards and causes are 
captured regardless of consequence. Some scenarios may result in more 
severe escapes if the influence of the underlying or coupling factors 
were stronger. 
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Objective Summary 

O2. Analyse 
the influence 
of 
organisational 
and human 
factors in fish 
escape 
accidents. 

 

 

• The Fdir fish escape database contains scarce information on 
organisational and human factors. The main source of information for 
this study integrated interviews and a workshop with operators and 
managers in fish farming companies.  

• The term "human error" was systematically explored and specified in 
the context of recent fish escape accidents experienced by the 
informants. Nine organisational and human factors which influence fish 
escape accidents were identified (cf. section 4.2.2). 

• The operations associated with increased risk for fish escape were i) net 
and sinker tube/weight system handling, ii) delousing operations, and 
iii) vessel-assisted operations. These operations are also associated with 
elevated occupational risk levels. 

• The findings documented a need for increased attention to the 
organisation of safety in fish farming and increased knowledge on how 
organisational conditions affect operational safety levels. 
 

O3. Evaluate 
whether the 
Operational 
Safety 
Condition 
(OSC) method 
from the oil 
and gas 
industry is 
applicable to 
fish farm 
operations. 

 

• All Norwegian companies are required to implement HSE management 
systems. Internal audits are required by the Internal Control regulation 
(statutory by the Working Environment Act) and aquaculture legislation. 

• Currently, no systematic evaluation of operational safety in terms of 
organisational conditions in the fish farming industry exists.  

• The OSC method, originally developed for assessment of operational 
safety levels in the oil and gas industry, was adapted and evaluated for 
use in the aquaculture industry. 

• The starting point is one type of hazardous event or accident associated 
with high operational risk. In this study, fish escape was selected.  

• A six-step approach was suggested to adapt the OSC method and 
develop relevant checkpoints for an audit at a fish farm.  

• The seven organisational factors from the original OSC were found 
relevant also for fish farm operations (cf. Table 5). 

O4. Explore 
the status for 
risk 
assessment 
practices in 
the Norwegian 
fish farming 
industry in 
relation to the 
regulatory 
requirements. 

• The aquaculture production must comply with safety requirements 
within the legislative areas of five regulatory authorities. 

• There are mandatory requirements for risk assessment of fish escape, 
the technical condition of a fish farm, vessel design and operation, 
environmental risk, occupational risk, fish welfare and health, and food 
safety. 

• The technical standard NS 9415 for fish farm structures refers to NS 
5814 for a standardised procedure for risk assessments. The current 
practices differ significantly from the recommendations in NS 5814 on 
several points. 

• The quality and documentation of risk assessments vary considerably 
across the industry. 
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Objective Summary 

 • Involvement of workers is a core requirement also in internal control 
regulations., but true involvement is to a large extent lacking. 

• To close the gaps, a new approach which satisfies the requirements was 
suggested. The basic idea is to gather personnel to a workshop and 
involve them in the core steps of the risk assessments: describe the 
work procedure in detail and agree on a best practice, hazard 
identification of the tasks, analyse causes and discuss consequences, 
and suggest preventive and mitigating measures. 

• Risk assessments should be based on the operations carried out at the 
fish farm. This will provide an overview of the hazards associated with 
the work tasks and factors influencing risk levels (environmental 
parameters, the operators' competence, available 
technology/equipment, the condition of the structures involved, etc.)  

• Companies should develop risk assessment templates for their yearly 
updates to be adapted to each vessel or fish farm. However, the 
templates should be based on strong involvement of workers in 
accordance with the previous recommendations. 
 

O5. Identify  
human, 
organisational, 
and technical 
risk-
influencing 
factors and 
develop safety 
indicators for 
reducing risk 
for fish escape 
during fish 
farm 
operations. 

• There is little available knowledge about the factors that influence risk 
levels during fish farm operations. 

• Safety indicators may be useful for monitoring performance related to 
organisational, operational, and technical safety at the fish farm over 
time, support decision-making, and detect the need for risk-reducing 
measures during operations. 

• A six-step method for identification of operational safety indicators was 
developed and tested. 

• The case study was fish escape due to the hazardous events “hole in 
net” and “submerged net.” Causal factors and conditions were 
extracted from the Fdir escape event data and sorted into categories of 
organisational, operational (instead of human), technical, and 
environmental factors (step 1). 

• Information was gathered on the ongoing fish farm operations 
connected to the hazardous events (step 2). 

• A BN was drawn to illustrate the causal chains and the complexity of the 
development of fish escape accidents (step 3). 

• Thirty-one organisational, operational, technical, and environmental 
RIFs were identified based on the BN (step 4). 

• Forty-one safety indicators were developed based on the suggested 
approach (step 5).  

• Forty indicators were accepted after evaluation according to the chosen 
quality criteria (step 6). 
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4.6.1 Theoretical contributions 
The research in the PhD project was designed to contribute to safety in the fish farming 
industry. The contributions in this section target the scientific community, the 
authorities, and the industry level. 

The use of scenarios as a basis for fish escape risk reduction strategies is novel in the 
fish farming industry. The scenarios in article 1 are developed based on the Fdir fish 
escape database, including all registered events of salmon and trout escapes regardless 
of consequence. 

The new categorisation system (hazardous event, direct cause, underlying factors, and 
coupling factors) is not linked to a specific technology and may hence be applied for any 
sea-based fish farm design, including offshore fish farms. The fish escape scenarios 
capture the complexity and levels of the causal chains. For one hazardous event, several 
direct causes and associated multiple types of underlying factors may be included in one 
scenario, as opposed to analysis of separate sequential chains. The scenarios provide a 
basis for identifying low-performance or lacking safety barrier functions and how to 
prioritise resources in emergency planning. The scenario approach is generic and could 
be applied to other types of accident analysis as well, e.g., occupational injuries or threats 
to fish health. 

Integrating the new categories into the escape reporting system would direct the 
operational manager to investigate the causes of the event. These fields should not be 
optional to fill in. To include RIFs of all relevant types, the reporting form should ask 
for this in the explanatory text. This approach would improve the quality of the fish 
escape registry and make it a more reliable tool for Fdir to monitor the need for improved 
preventive measures in the industry. The increased learning from the hazardous events 
may also benefit the aquaculture industry and result in improved procedures and 
integrated safety barriers in new technology designs. 

“No-escape events” comprise 60% of the registrations in the Fdir database and had 
previously not been included in causal analyses—neither by researchers nor Fdir. The 
inclusion of these events provides a larger data source for identifying the most frequent 
hazardous events and scenarios. This may contribute to the prevention of the less 
frequent, more serious escapes, which might evolve if the influence of the underlying or 
coupling factors were stronger. This is in accordance with Bellamy (2015), who analysed 
a large database of occupational accidents and found that, for the same hazard categories, 
a correlation exists between the causations of more frequent, smaller consequence 
accidents and the major accidents. This implicates that the performance of the preventive 
and mitigating measures (safety barriers) should be monitored to control the hazards or 
hazardous events. The fish escape scenarios contribute knowledge on how the 
underlying and coupling factors influence the development of the hazardous event.  
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There are currently few means for assessing and monitoring safety levels in the 
aquaculture industry. This study’s results document that risk-influencing organisational 
conditions need to be investigated. The reporting of fish escape events, including both 
confirmed and suspected escapes, are mandatory, but the focus has historically centred 
on the technical and structural causes. Systematic documentation on the industry's 
performance according to the organisational factors will add useful information for the 
authorities' and industry's campaigns to reduce the risk of fish escape. A suggested 
approach is to apply the OSC method to develop an audit scheme on an industry level, 
which includes all regulatory requirements, industry standards, and best practice fish 
farm operations.  

A preliminary study of the OSC method applied to the aquaculture industry showed that 
it could be a useful tool for internal audits of organisational safety conditions in fish farm 
operations with elevated risk for fish escapes (Holmen et al., 2017a). However, the audit 
was not performed (step 6 of the method). A follow-up study on development of an OSC 
audit scheme has been conducted by two master students at NTNU in cooperation with 
a salmon farming company (Andreassen and Olsen, 2019). Their OSC audit was limited 
to three organisational factors: competence, communication, and procedures. Thirty-five 
requirements and seventy-eight checkpoints were identified in accordance with both 
external and internal requirements from the company and industry regulations. Ten 
informants were interviewed at one fish farm. The company management acknowledged 
the value of assessing the safety management practices using the OSC method, and the 
results of the audit demonstrated a strong agreement between requirements and practices. 
However, the method is resource-demanding, and it therefore may not be feasible to 
allocate the time and cost needed to conduct a full audit in a fish farming company. The 
participants in the audit regarded the OSC method as valid, reliable, and adequate for the 
fish farm operations. 

Gaps appear between current practice and regulatory requirements for risk assessment. 
The results show that companies would benefit from a higher degree of standardised 
practices across the industry. A holistic framework for safety management in fish 
farming, including the five risk dimensions in one system, would be recommended on 
an industry level for use by both regulators and company actors. The operations 
associated with high risk for fish escape are also associated with occupational risk 
(Thorvaldsen et al., 2015). The preventive work could be more efficient if measures were 
designed to manage all relevant risks. 

Risk assessments are, at present, mainly performed during the production phase of a fish 
farm. If the future operation modes were planned and risk assessments performed during 
the design phase, safety barriers could be integrated into the technological design to a 
higher degree. Today's practice involves implementing procedures for safe handling of 
hazardous equipment rather than designing equipment that is inherently safe. 
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The risk picture and levels at the fish farm are likely to be different during periods of 
normal operation compared to periods of a certain activity, e.g., maintenance operations 
or fish crowding (Yang and Haugen, 2015). This difference should be taken into 
consideration when implementing and prioritising preventive and mitigating measures. 
The new knowledge provided on hazardous event scenarios, RIFs, and causal chains 
may contribute to assessment of activity-related risk and evaluation of the need for 
additional safety barrier functions at the fish farm during operations. 

4.6.2 How can the fish farming industry benefit from this research? Practical 
applications 

This section focus will focus on the employees, who are part of the organisational units 
"fish farm" and "service vessel," to exemplify how the results from the PhD project can 
contribute to safer operations in compliance with regulations. 

The evolution of Norwegian fish farming into a high-tech industry coincides with the 
development of modern safety theories and models, as well as an increasing attention to 
safety management from the regulatory authorities (Kongsvik et al., 2018a). 
Nevertheless, it seems as if fish farming has inherited some of the safety challenges from 
the agricultural and marine industries (Holen et al., 2018b). The workers at the fish farms 
and on the service vessels perform a range of manual tasks and make decisions which 
influence the success of the operation both in terms of getting the job done and overall 
operational safety. The humans are the hub in the fish farm operation system but are also 
perceived as the weak link of the same. The research activities provide an improved 
understanding of fish farm operations and the hazards and conditions increasing the risk 
for fish escape. Furthermore, the results include generic methods for scenario analysis 
of accidents and incidents, analysis of underlying factors, and identification of RIFs. The 
organisational and human factors influencing safety in operations, in particular user-
friendly and safe design, work environment, communication, competence, and 
communication, should be considered in revising and improving both routine and 
specialised work operations, as well as work schedules, to reduce work pressure and 
increase involvement in safety-related decisions.  

Risk assessment is mandatory to perform for several risk dimensions at fish farms and 
lays the basis for systematic actions to improve safety management. The research 
activities show that companies find it challenging having to answer to several authorities, 
which may have different preferences in how the risk documentation should be 
presented. This fragmentation in the authorities' regulations and inspection routines may 
result in equally fragmented risk management systems which satisfy the inspectors but 
do not adequately reflect the risk levels in the operations. This was the motivation for 
suggesting an improved approach to perform high-quality risk assessments at the fish 
farms which might reduce the possible conflicting objectives. Risk assessments should 
ideally be performed with the operation as the starting point, and all relevant risk 
elements associated with the tasks should be included, taking all relevant risk dimensions 
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into consideration. The range of hazardous events and RIFs identified during the 
different parts of the PhD project supplement the basis for risk assessment of fish farm 
operations. 

The time between fish generations is already packed with clean-up and maintenance 
tasks, but this still is the best period to allocate time for risk assessment updates involving 
all workers. Fish farm personnel should be involved in risk assessments to become 
familiar with the hazards in their work environment, and doing so is also a requirement 
in the internal control regulations (Ministry of Labour and Social Affairs, 1996; Ministry 
of Trade and Fisheries, 2004). To save time, operators should be involved only in the 
most critical stages of the risk assessment process, the ones which they also know best. 
These stages constitute describing the operation and work tasks in detail; identifying 
hazards, causes of hazardous events, possible consequences; and suggesting actions for 
prevention and mitigation of the identified risks. The approach needs to be engaging, 
perceived as relevant to the participants and "worth the time spent," understandable, and 
be directly related to the work tasks. This would also ensure true involvement of the 
operators according to the regulations (cf. Section 4.4).  

The recommended procedure for improved risk assessments may contribute to 
establishing well-proven, quality-assured procedures at fish farms. As already described, 
one step in the process is to specify the work operation to be assessed and relate the 
identified hazards to the tasks performed, competence needed, and equipment and 
components involved. An additional output of this process is hence a thorough 
description of the operation and the conditions required to perform it safely, which is 
validated by the participants in the workshop.  

Once established and validated, preferably as a result of workshops with experienced 
operators, standardised procedures may be used for training and decision support for 
less-experienced personnel. Last year, one Norwegian fish farm company reported to 
have hired the youngest farm manager ever. This manager is responsible for a team of 
fish farmers, as well as approximately two million fish (Finnmark Dagblad, 2020). There 
is no doubt of this young fish farmer's motivation or practical or managerial abilities; 
however, there is a limit to the amount of experience a person in their early twenties can 
have gained during a relatively short professional work life. On the other side, this person 
does have several years’ experience working at fish farms. This may not be the case for 
other employees. The aquaculture industry has been fast growing and has hired staff with 
little or no experience in fish farming or other marine workplaces. This enhances the 
need for best practice procedures for safety management and operations which can be 
adapted to each fish farm's equipment and choice of structural design.   

The list of RIFs identified from the Fdir escape database can also be used for learning 
purposes at the fish farms, both for making newcomers in the occupation aware of 
potential hazardous events as well as input to risk assessment updates. Implementation 
of a safety indicator program would help the fish farm manager to detect decreases in 
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safety levels at an early stage, either during daily operations or when preparing for 
operations associated with increased risk levels. Ideally, the suggested method to 
develop safety indicators should be applied to all risk dimensions present and thus 
provide a dynamic supplementary tool to risk assessments and SJA for complex 
operations.  

The specialisation of work operations within dedicated crews is likely to reduce the risk 
of failures during operations, as the crews will be experienced with these types of 
operations, and this practice is becoming more common in the aquaculture industry. On 
the other hand, this introduces out-sourcing at the fish farm, which may challenge safety 
because the hired service crew may not meet the same standards regarding safety 
performance. This has been mitigated by the fish companies by implementing safe job 
analyses (SJA) prior to operations, which is regarded as safety-critical for fish welfare, 
fish escape, and personnel. These operations are characterised by the involvement of 
several vessels and crews, crane operations, fish treatment, and handling of net cage 
structures and/or hazardous chemicals. The SJA should involve all personnel to update 
everyone on the communication lines, responsibilities, and preventive and mitigating 
actions necessary to maintain safety in operations. Hazards and RIFs that were identified 
from analyses of hazardous events during previous operations would provide relevant 
input to checklists for SJA. 

Hazards and RIFs for fish escape, as well as hazardous events related to the other risk 
dimensions in fish farming, can be used as a basis for systematic risk assessments of the 
operations at the new fish farm concepts. Knowledge about what may go wrong should 
also be reflected during the development of safe operational procedures, as well as 
consideration of the competence requirements of operators. Some of the hazards may 
not be relevant, but the basic functions need to be in place regardless of the fish farm 
design: access to fish farm by personnel, acceptable work environment and living 
quarters, daily operation and regular maintenance of fish farm structures, fish feed 
deliveries, feeding of fish, daily monitoring of fish welfare and health, delivery of smolt, 
possible treatment of fish, delivery of fish for slaughter, and mort collection and 
destruction.  

Safety management implies both accident prevention and mitigation, i.e., consequence 
reduction. Mitigating activities have traditionally dominated over preventive because it 
takes a lot more effort to implement preventive barriers. A recent study compared the 
resources spent for incident prevention and accident mitigation (Puisa et al., 2021). The 
authors regretted that they could not conclude firmly one way or another due to poor 
data quality, but the results do indicate that prevention is more cost-effective than 
mitigation with respect to investments. Efforts should hence be increased to implement 
preventive safety barriers. The type of barrier needed may not be as obvious if the causal 
chains are complex. However, applying systematic methods to identify RIFs and causal 
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chains, as demonstrated in this PhD project, may provide the necessary knowledge to 
design and implement effective safety measures. 

4.6.3 Governance of the Norwegian aquaculture industry 
Some have suggested  establishing an "Aquaculture Directorate" to become the 
overarching authority coordinating all elements of aquaculture activities in Norway 
(Almås and Ratvik, 2017). For comparison, the Petroleum Safety Authority in Norway 
(PSA) is a government supervisory and administrative agency with regulatory 
responsibility for safety, the working environment, emergency preparedness, and 
security in the petroleum sector (PSA Norway, 2019b). It has a coordinating function for 
supervisions across several technical and operational areas of oil and gas production, 
including the work environment regulatory requirements. PSA is responsible for 
administrative decisions regarding the O&G industry, e.g., consents, orders, fines, and 
shutting down operations. PSA is also a directorate, which in the Norwegian context is 
a body responsible for developing, managing, and communicating knowledge connected 
to their area of technical expertise. PSA reports to the Ministry of Labour and Social 
Affairs and serves the Ministry, other governmental bodies, and the public with expertise 
regarding the petroleum sector. 

One "umbrella" authority might also benefit the organisation of safety because risk 
management requirements would be coordinated and not fragmented like they are today 
(Holmen et al., 2018; Holen et al., 2019). However, for the time being, the industry 
operates in accordance with requirements from several regulators. 
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 CONCLUSION AND FURTHER WORK 
 

5.1 CONCLUDING STATEMENTS 
The potential exists for improving safety in aquaculture operations, both at present sites 
and future, more exposed locations. The fish farming industry faces several challenges 
which need to be addressed on different managerial and operational levels. The research 
and results presented in this thesis target aspects of safety management and what the fish 
farming companies can do in practice to increase safety in operations, mitigate hazardous 
events, and prevent accidents, i.e., how to improve their safety management in daily 
operations. Fish escape has been used as the case throughout the PhD project. 

Hazardous events associated with fish escape have been analysed according to a new 
categorisation system which sorts the causal chains into four levels: hazardous event, 
direct cause, underlying factors, and coupling factors. Fish escape scenarios are 
identified based on these categories and illustrated as influence diagrams. The scenarios 
may be used to design and implement effective risk-reducing measures. 

Fish escape registrations by Fdir have traditionally focused on technical and external 
causes and failures in operations. The influence of organisational and human factors in 
fish escape accidents has been explored in a qualitative study. The findings show that 
causes reported as "operational errors" or similar mainly represent a range of 
organisational factors related to the safety management performance of the fish farming 
company. 

The safety practice in a company needs to be audited using appropriate methods 
currently not implemented. The evaluation of the Operational Safety Condition (OSC) 
method, originally developed for the oil and gas industry, showed that it is applicable 
for measuring the state of organisational factors in the aquaculture industry. However, 
the method is resource-demanding for individual companies, and it is recommended to 
be further developed as a joint industry initiative. 

There is a gap between the current risk assessment practices in the Norwegian fish 
farming industry compared to the regulatory requirements. A workshop-based approach 
for conducting risk assessments is recommended to achieve operators’ active 
involvement. Five authorities regulate the requirements for risk management in fish 
farming, and this contributes to a fragmented safety management system in that different 
risk dimensions are treated separately. A holistic approach to safety management is 
recommended to improve the efficiency of prioritising and implementing safety 
measures.  
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The industry could benefit from developing best practices for complex operations. 
Establishment of best practice procedures is an added value of the risk assessment 
workshops. Such procedures should not replace the mindfulness of experienced 
operators but represent the best practice under normal operating conditions. A set of 
standardised procedures and equipment may also reduce the possible conflicts and 
competence gaps when personnel are hired from other locations, as less time would be 
devoted to familiarising themselves with the new location.  

Safety indicators may have the potential to be a yet missing decision-support tool in 
safety management in fish farming. As an intermediate step in the suggested method to 
identify indicators, causal chains for registered fish escapes are identified and described. 
The influence of environmental, organisational, operational, and technical RIFs on the 
main hazardous events causing fish escape is illustrated in a qualitative BN. Safety 
indicators are developed and selected to reflect the condition of each RIF. Safety 
indicators may be used to monitor the trends in safety levels at the fish farm, in the 
company, or at the industry level if implemented as an industry standard. The knowledge 
regarding RIFs and hazardous events may also be used as input to risk assessments and 
SJA checklists, as well as training of fish farm personnel.  

5.2 FURTHER WORK 
The registrations in the Fdir database capture mainly technical factors in a one-
dimensional causal chain. Additional causal analyses on human, technical, and 
organisational contributing factors suggest multiple cascading chains of events, as 
illustrated by the BN in article 5 (Holmen et al., 2021). Converting these complex 
causalities into a valid, quantitative risk model implies aggregation and simplification of 
causalities. Important RIFs may hence be lost in a quantitative risk model. Furthermore, 
calculating reliable probabilities for the interactions in the BN would require access to 
detailed data on frequencies and contributing factors for each fish escape incident. These 
data are, for the time being, unavailable. Another approach is to further develop the BN 
into an object-oriented Bayesian network, which previously has been applied to 
ecological risk modelling of hydrocarbon release in the Arctic (Sajid et al., 2020). This 
approach could be tested for the fish escape scenarios with input from the detailed 
analyses of RIFs for fish escape. 

The aquaculture industry would benefit from strategies for safety and risk management 
which capture emerging hazards independently of detailed design. The experience from 
the current fish farm designs needs to be transferred to concepts for more exposed or 
offshore fish farming in a systematic manner, similar to the practice in the oil and gas 
industry for offshore oil production units (Kjellén and Albrechtsen, 2017). In the 
planning phase, the current knowledge of hazardous events and fish escape scenarios, 
contributing causes, and RIFs can be used as checklists to assess the need for improved 
barrier functions—either operational, organisational, or technical (PSA Norway, 2017). 
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As much as possible, barrier functions should be integrated into the design to reduce the 
need for the operators to perform special safety procedures.  

Furthermore, the operation of future fish farms should ideally be planned in the concept 
development phase to assess possible operational risks. The need for safety measures for 
personnel, fish, or farm structures could be captured at this stage and reported back to 
the engineers. As of today, the main responsibility for the knowledge transfer is laid on 
the technology developers and each fish farm company. A common effort in the 
aquaculture industry, guided by the regulatory authorities, is likely to speed up the 
implementation of measures for improved safety in aquaculture operations. 
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a b s t r a c t

The escape of fish from fish farms is a problem for the Norwegian aquaculture industry. Following a
decrease in structural equipment failures, human errors and human factors have been highlighted as one
of the main challenges when it comes to preventing fish escape. This article identifies causes of previous
accidents leading to fish escape, as well as risks of escape, focusing in particular on the organisation of
work as well as the role of the workers at fish farms. It is apparent that operational managers and fish
farmers have great responsibility when it comes to preventing escape. Severe consequences for
individuals and companies if fish escape may lead to workers prioritizing the safety of the fish over
their own safety. Accident causality is often complex. The term “human error” may be perceived as
incriminating by employees, as it focuses on the individual and not the bigger picture.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In April 2013, during lice treatments of farmed salmon, around
13,000 salmon escaped from a Norwegian fish farm. The accident
happened when a well boat moved fish from one net cage to
another. Fish were pumped on board and transported to the new
cage. While pumping the fish into the new net cage it soon
became apparent that the net was put up incorrectly; with no
physical barrier preventing the fish from swimming out into the
sea. The company in question stated that the accident was caused
by human error [1].

Escape of farmed fish is a challenge for the Norwegian aqua-
culture industry. Farmed salmon is seen as a threat to biodiversity
because it disrupts wild salmon gene pools [2]. Consequently,
escape of fish harms the reputation of the industry. As illustrated
above, human error stands out as one of the main causes of escape
in recent years. Following the introduction of formal regulations,
workers may face severe sentences if found responsible. Fish
farmers and operational managers thus have a great responsibility
when it comes to preventing fish escape at farm sites.

The objective of this article is to identify causes for previous escape
of fish, focusing in particular on organisational aspects and the role of
workers at fish farms. This articles aims to answer the following
questions: “Which aspects contributed to earlier escape incidents and
near incidents?” and “Do organisational aspects influence the risk of

fish escape? If so, how?” A descriptive approach provides knowledge
specific to the Norwegian aquaculture industry that may help prevent
fish escape in the future.

2. Norwegian aquaculture

Aquaculture is a leading export industry in Norway. In addition
to providing food, it provides jobs and spin-off effects that are of
great importance to the local and national economy. Currently
about 4000–5000 people work in different parts of the industry.
Marine industries are seen as essential for future value creation
and employment, and aquaculture has been identified as the
sector with the largest potential for growth [3–5].

The main species in Norwegian aquaculture are Atlantic salmon
and trout. Fish are bred in net cages at fish farms along the coast.
To ensure water quality and reduce impact of farmwastes, modern
farm sites are located in partly sheltered areas away from the
shore [6]. Fish are transported by well boats from land-based
hatcheries to farm sites. They are kept in net cages until reaching
desired weight. This usually takes around 18 months. Well boats
then transport the fish back to land for slaughtering and further
processing [5] before being distributed to the market.

The job of fish farmers is to look after the fish and take care of a
range of daily tasks such as feeding and maintenance. In addition
to this, they regularly perform more complex operations such as
lice treatments and transfer of fish to and from net cages and well
boats. Fish farmers thus have to handle fish, machinery, equipment
and chemicals in challenging physical environments [7]. A recent
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study shows that the aquaculture industry is statistically one of
the most dangerous occupations in Norway when it comes to
occupational fatalities and accidents [8]. Similarly, a study based
on Canadian aquaculture concludes that workers are exposed to
several potentially serious occupational hazards [9].

Official statistics indicate that the majority of reported escapes
from Norwegian fish farms in the period from September 2005 to
December 2009 were caused by structural equipment failures.
Studies show that previous escapes have also been linked to
operational related failures, external factors and escapes from
land-based facilities [6]. Transportation of fish is another part of
the production process linked with escape [10].

A reduction in the number of escapes in the last decade has
been linked to the introduction of a Norwegian technical standard
(NS9415) in 2004 which contributed to the industry investing in
better and safer technology [6]. Furthermore, authorities have
argued that greater awareness about escape issues as well as
better work practices have contributed to the decline in escape
accidents [11].

Along with the decrease in structural equipment failures, the
issue of human error and human factors has gained attention
when it comes to preventing fish escape. The responsibility of fish
farmers is also reflected in formal regulations.

The obligation to prevent and limit escape of fish from aqua-
culture farm sites is described in the Regulations on fish farm
operations (aquaculture operation regulations) from 2008. Regula-
tions state that employees are expected to pay attention, conduct risk
assessments and carry out systematic measures aimed at preventing
escapes. All escape of fish must be reported to the authorities and to
avoid future escape measures must be implemented. In regulations
on internal control to fulfil the aquaculture legislation from 2005,
specific demands are given regarding workers’ skills and training.
Furthermore, all companies are required to perform internal control
to make sure regulations are being followed.

Fish escape may lead to substantial financial and legal conse-
quences for companies and individual employees. This criminalization
has been linked to a report on economic crime published in 2011 by
the Økokrim, a division of the police fighting economic and environ-
mental crime. The report designated fish escape as one of three main
categories of Norwegian fisheries crime and stated that some
companies fail to report and cover up escapes to avoid punishment.

Focus on fish escape impacts the reputation of the industry as a
whole. Furthermore, increased media attention surrounding
escapes has negatively impacted upon people who work in the
industry [12].

3. Accidents and organisational aspects

This article focuses on human factors associated with fish
escape. Human factors include a variety of factors that may
influence people and their behaviour. For instance, a recent study
from the offshore sector identifies several human factors related to
organisation and personnel such as knowledge, experience, train-
ing, skills, communication, compliance with regulations, leader-
ship, safety culture, and safety management systems [13].

In the aquaculture context human factors and human error are
commonly used to describe operational-related failures. In the
literature, human error has been defined as a generic term that
encompasses all occasions in which a planned sequence of activ-
ities, mental or physical, fails to achieve the intended outcome [14].

Unsafe acts may be produced by organisational aspects because
they influence work practice at all organisational levels [15,16].
A previous study focusing on personal safety in Norwegian
aquaculture [12] applies an analytical model [17] that divides
the organisational context into five dimensions. The dimensions

include formal structure and organisation, technology, culture and
competence, relations and networks, and interaction and work
processes. Safety is thus a result of several organisational aspects.
Data analysis can show how these aspects are connected and how
they can be improved. Findings in this study show that manage-
ment rely on fish farmers to make operational safety decisions.
Furthermore, fish farmworkers are interested in doing the best job
possible. Consequently, the safety of the fish is sometimes prior-
itized before the safety of the workers themselves.

Another study of the Norwegian aquaculture industry investigates
the operational setting where fish farmers make their decisions.
Certain constraints and criteria that impact the decision-process are
identified and discussed [5]. The most important criteria for the fish
farmers is keeping the fish healthy and alive, and preventing escape
of fish. It is argued that time pressure related to keeping fish safe may
lead to fast decisions with unwanted consequences. On the other
hand, the necessity to perform certain operations to carefully protect
the fish may help prevent accidents.

A recent study of accidents in Norwegian aquaculture argues
that technical, human and organisational factors should be seen as
complementary and encourages accident investigations to apply
different perspectives to provide knowledge about accident
mechanisms and the industry itself [8]. In this article, the main
focus is on the organisational aspects and how they affect
individual workers. This approach explores underlying causes
and risk factors leading to fish escape.

4. Material and methods

Semi-structured interviews comprised the primary method of
data collection [18]. All interviews were based on an interview guide
covering the following topics: critical operations, previous escape
incidents, near misses, decision-making/responsibility, safety man-
agement, training, co-operation and communication, equipment, and
measures taken to prevent escapes. Open-ended questions such as:
“Could you explain in your ownwords, what happened when the fish
escaped from the farm site?”, “How was the work at the farm site
organised at the time of the accident?” and “What do you consider to
have been the cause(s) of the escape incident(s)?” were asked.

Informants were selected based on one main criterion, namely,
that they were employed in companies that had reported fish
escape in the period from 2009 to 2012. An official registry of
escape was used to identify relevant companies. To reflect the
variations in the industry, informants working in companies
belonging to different geographical regions, a selection of large
and small companies as well as farm sites with different technology
(plastic rings and steel constructions) were asked to participate. The
majority of informants that were interviewed had been present at
the farm site at the time of the accident. Those who had not been
present were nonetheless volunteered by their companies as
informants because they knew the details of the accident well. To
reflect the totality of the operations and the risk involved research-
ers also conducted interviews with employees of well boat compa-
nies, service vessels and harvesting plants that had been involved in
escape accidents. A total of 12 informants were interviewed. Some
interviews were conducted by telephone and others in person.

In addition to the interviews, data from 33 non-compliance
reports were examined and included in the analysis. The reports
were made available to the researchers by the companies partici-
pating in the interviews. The information given in the reports
provided more data regarding escapes and near-misses that added
to interview findings.

A third data source was a two-day workshop focusing on
critical operations and escape prevention. The workshop gathered
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21 stakeholders including representatives from trade associations,
fish farmers and managers from different aquaculture companies.

All data has been analysed with the aim of identifying causes for
previous escapes, and whether and in what ways organisational
aspects influence escape risk. Rather than sorting findings into
predetermined categories and models, the analysis presented here
reflects an interpretive approach based on the empirical material.

All informants who participated in the interviews remained
anonymous and all empirical data has been handled according to
the principles of the Data Protection Official for Research, Norwe-
gian Science Data Services.

5. Results

This section discusses a number of organisational aspects that
have contributed to previous escape and near-incidents of fish
escape from Norwegian fish farms. Furthermore, aspects that may
influence the risk of fish escape in the future are described.

5.1. Technology

Technology is an integral part of the organisational context on
fish farms. Technology used in aquaculture has developed and
changed over the years. When informants were asked directly
about the technology at the farm sites, they stated that they were
happy with the status quo and that technological developments
had simplified many operations. An improved focus on personal
safety has, for instance, manifested itself in floating collars that
allow fish farmers to walk more easily around net cages.

Despite improvements, interviews show that poor interaction
between humans and technology has been a contributing factor in
previous escapes. Equipment may be difficult to operate or handle and
several operations are seen as critical in terms of potential escapes. For
instance, one informant pointed to the use of large well boat cranes
and the risk of tears in the net. The cranes put a lot of force on the net,
and what happens under the water surface is difficult to see. As one
informant noted, “The people who control the cranes use a joystick or
crane handle and would not notice if anything got stuck”.

During interviews and the workshop informants and partici-
pants were asked to describe which operations they perceived as
most critical in terms of potential escape. Based on answers from
all respondents, three types of operations were highlighted as
particularly risky. These were: (i) handling the net and the sinker
tube, (ii) conducting lice treatments, and (iii) performing opera-
tions involving boats.

The following examples illustrate potential risks involved in
human-technology interaction in further detail. The sinker tube is a
construction that contributes to maintaining the shape of the net
cage. For certain operations, such as sorting fish into different net
cages and delivering fish, the sinker tube has to be manually hoisted
and lowered again in stages. Hoisting and lowering the sinker tube
is regarded as a time consuming and laborious process. According
to informants, all handling of the sinker tube is associated with a
risk for tears and holes in the net cage, and the worry that such
damage is not detected “before it’s too late”. Some fish farmers
stated that they tried to keep the handling of the sinker tube to a
minimum to reduce the risk of escape. In addition to this, compa-
nies have procedures stating that divers shall inspect the net cages
following all operations where the sinker tube has been handled.

Chemical lice treatments (e.g., hydrogen peroxide) are carried out
by the assistance of well boats or with a special tarpaulin. When
using the tarpaulin, hoisting the net as well as installing the tarpaulin
around the net cage is perceived as complicated and involves heavy
lifts with crane and yardarm. Fish farmers say they do not always feel

in control. Concerns focus on damage to the net cage. Sudden change
in winds or currents may complicate the operation further.

Operations mentioned so far all involve the use of different
vessels. Farm sites have their own work boats that allow fish
farmers to access the net cages. A number of operations may also
be conducted by specialised service vessels. Some companies have
their own crewed service vessels that assist at several farm sites
while others hire service vessels from external companies.

Well boats help with operations such as lice treatments and
transportation of fish. Informants highlight use of boats as a
potential escape risk. Well boats have increased in size and put
substantial force on mooring lines during mooring. Consequently,
there is an increased risk of structural failures. Furthermore,
cranes used to handle the net cage may lead to tears. Underwater
tears may be difficult to discover, thus causing fish to escape.

5.2. Physical work environment

The fact that fish farms are situated at sea means constant
impact from wind, waves and currents. Cold temperatures and
northern winters also influence working conditions at the fish
farms. Several informants stated that bad weather and darkness
made their job more difficult and that this had lead or could lead
to mistakes that would not occur otherwise. With poor lighting, it
is harder to see whether operations and tasks are performed
properly, and examples show that night work has contributed to
previous escapes as well as near accidents.

Harsh weather is also seen as a risk in itself, as it can cause
damage to the fish farms that may lead to fish escape. Interviews
show that, on several occasions, holes have appeared in net cages
due to wear and tear, some of which have led to escape of fish.
Furthermore, bad weather hinders the fish farmers’ access to net
cages to perform inspections which in turn increases the chance that
tears are not discovered. What is perceived as bad weather depends
on the individual farm site and how it is located in terms of winds
and currents. Fish farmers said that daily inspections at the net cages
are carried out as long as the work boats and the personnel can
handle the weather. Manouvering the boat close to the net cages in
bad weather was considered a risk to the safety of the workers as
well as to the net cage.

If strong winds, excessively strong currents or high waves occur
during operations, the work should be called off. This is, first and
foremost, to ensure the safety of employees, but also to minimise
the risk of damaging fish and the risk of escape. Previous
experience remains crucial in decision-making processes. Fish
farmers stated that, overall, they feel that they are accepted by
management if they wish to discontinue due to harsh weather
conditions. Nevertheless, as one fish farmer stated, “It’s not fun to
be the one who calls off the operations. It's difficult to balance
when to say stop and when to continue”.

5.3. Workload and work pressure

Long working hours and insufficient staffing are both asso-
ciated with previous fish escape. One operational manager stated
that sufficient staffing was crucial for all operations at fish farms. If
operations are performed despite insufficient staffing, it adds to
the workload of remaining staff.

Working hours at a fish farm will vary. Normally, fish farmers
will work from the morning until the early evening. During labour
intensive operations work is often organised in shifts and addi-
tional personnel is needed to get the job done. To ensure sufficient
staffing, some companies will move personnel between farm sites
while others will hire additional help. However, obtaining quali-
fied personnel may be a challenge. This is also the case if fish
farmers become ill.
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A heavy work load was prominent in one informant’s story of
an incident involving the escape of a large number of fish
following a tear in the net cage. During lice treatments workers
had been working for several hours without proper rest. Due to
illness they were understaffed and felt exhausted, but everyone
was still determined to get the work done. However, following the
operation, inspections of all net cages were not performed
properly. Consequently, the tear was not discovered until later,
allowing the fish to escape. Following the incident, the workers
involved felt devastated.

As illustrated by the incident above, time pressure related to
lice treatments is a challenge. In 2011, the Norwegian Gullestad
Committee advocated a system of regional division which gave the
farm sites in a given geographical area a limited period of time to
perform lice treatments. As a result, informants perceive time
pressure as a risk factor for both mass death and escape of fish.

Furthermore, fish farmers are part of a value chain that has to
be coordinated with other actors including well boats and harvest-
ing plants on the land side. As service and well boats commonly
sail from one farm site to the next they are not necessarily able to
be flexible if operations do not go as planned. Setting too
ambitious goals in the planning of operations stands out as a
contributing cause of fish escape.

Even though operational managers stressed that they are
respected for their expertise and judgement, operational managers
said they had experienced pressure from both harvesting plants
and managers “higher up in the system”. A fish farmer stated, “We
feel pressure from the land side. It is crucial that the harvesting
plants have fish at all times”. Another informant stated, “It
depends a lot on the individual worker, whether they demand a
break if they are tired. If you feel that there are many people
depending of your effort, you may stretch yourself a bit further
than you would otherwise”.

Several aspects thus increase the workload and work pressure
for the individual worker. Consequently, this may lead to exhaus-
tion which, when combined with time constraints, can threaten
personal safety and increase the risk of fish escape.

5.4. Training, skills and experience

Inadequate training, lack of experience or skill may contribute
to fish escape. Situational awareness and the ability to identify
hazards and predict consequences of actions are crucial skills for
operating workers. A statement from one fish farmer illustrates
this: “Small mistakes can have very severe consequences”.

Fish farmers are very aware of the responsibility they have to
keep fish safe. Examples of near escapes demonstrate that the
resourcefulness of fish farmers has been essential in preventing
escape. For instance, one of the fish farmers interviewed recol-
lected when they almost put up a net cage that had a hole in it.
While preparing the net for installation, the hole was detected. It
was most likely due to a production defect from the supplier, or
damage that occurred during transportation. The fish farmer
expressed relief that the hole was discovered in time.

During operations, it is important that fish farmers are aware of
how to handle equipment. Experience is a crucial part of this
picture. A fish farmer may be experienced in everyday tasks, but
still lack experience when it comes to operations that are not
performed very often. One operational manager said that he is
very careful when it comes to deciding who will do certain tasks in
a given operation. It is important that he knows that they have the
necessary skills and experience.

Appropriate training for both new hires and experienced employ-
ees will influence their ability to handle unforeseen situations. When
it comes to formal education, most companies want fish farmers with
certificates of apprenticeship in aquaculture, but it is not an absolute

necessity. Some companies finance certificates for their employees,
because they want them to acquire theoretical knowledge.

All companies conduct on-the-job training of new fish farmers.
This means that an experienced worker shows the recruit how
work is conducted, and the recruit gradually takes a more active
role in different tasks and operations. Full employee participation
in work following induction can vary. Some are said to learn
quickly while others need some time before they are comfortable
with work tasks. In addition to the training given to all new
employees, several companies train all employees via internal
courses. Escape prevention has been a relevant topic for such
courses where focus is on raising awareness, changing attitudes
and contributing to safe work practices through discussion and
practical exercises.

5.5. Co-operation and communication

Misunderstandings, poor communication or lack of commu-
nication prior to and during work has contributed to fish escape.
For example, there were cases in which important messages about
work were not given or messages that had been given were not
followed up or not followed up correctly. The story presented in
the introduction may serve as an example here. Even though it
was a crucial part of the operation, the net cage had not been set
up properly. Normally, work instructions were given in writing,
but were not on this particular day. The fact that the net was not
properly installed was never communicated to the well boat
captain. Thus, the captain pumped the fish out in to the ocean,
believing everything was as it should be.

During operations where several actors work together, it is
crucial that there be a shared understanding of how operations
should be done. The operation manager at the farm site, the captain
of the well boat and service vessel as well as the management on
shore all have authority to decide over their staff, and it can be
useful to clarify the division of responsibilities in advance of an
operation. In the interviews, this need was expressed from actors
who assist the farm sites such as well boats and service vessels.

On some farm sites, start-up meetings covering all relevant
operational aspects with all staff had been introduced to ensure
good co-operation and communication. Informants said that a
positive side effect to such meetings was that fish farmers and the
boat crew got to know each other outside of a work context. These
personal relationships were seen as a positive contribution to co-
operation, communication and the working environment as a whole.

5.6. Safety management: Theory versus practice

To prevent escapes as well as ensure safety for operating work-
ers, safety management was conducted through measures such as
procedures, risk assessments and non-compliance reports. Accord-
ing to formal regulations, several of these activities must be
documented and presented to the authorities in case of an inspec-
tion or accident. In addition to the requirements given through law,
many companies have company-specific procedures that deal with
safety, welfare and escape issues. The success of safety management
depends on the way measures are implemented in practice, and
how well they fit with the practical reality of the fish farmers.

5.6.1. Procedures
Non-compliance reports show that lack of procedures or lack of

conformance to existing procedures has been a contributing factor to
previous escapes. This is also reflected in interviews. Informants
stated that violation of procedures had been the cause of escape
accidents and near-misses. One operational manager firmly believed
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that the procedures were a challenge due to the fact that they did not
exist or were not followed.

Some fish farmers argued that there may be discrepancies
between procedures and actual practices because those writing
operational procedures had never worked on the respective farm
sites themselves, and thus had insufficient knowledge of how
work was carried out. This point was also mentioned in regards to
operator’s manuals. Deviations from procedures are thus related to
fish farmers’ perceptions of the most practical solutions in a given
operational context.

5.6.2. Risk assessment
Inadequate risk assessments have been singled out as contribut-

ing to previous escapes. Aquaculture companies perform risk assess-
ments of specific operations as part of their internal control. The
purpose of risk assessment is to identify potential hazards, assess the
likelihood that such hazards will occur and the consequences they
may have. This evaluation should then be used to introduce
measures to reduce the probability and consequences of identified
risks. The process of conducting risk assessments is also supposed to
raise employees’ awareness of potential risks and involve them in the
work of implementing measures to minimise risks.

Informants state that local risk assessments are performed at
each farm site. All employees participate and are encouraged to give
input. One informant stated that even though such assessments
dealt with things they already knew, it was useful for this informa-
tion to be put down in writing. Even though many aquaculture
companies have come a long way when it comes to risk assessment,
one informant stated that there “is still room for improvement”.

5.6.3. Non-compliance reports
In general, companies included in this study took non-

compliance reports very seriously. This is probably linked to the
fact that they have all experienced escapes, and want to do what
they can to prevent such accidents in the future.

Non-compliance reports are important for implementing mea-
sures such as improved equipment or new procedures and routines.
Improvements cannot be made if the needs are unknown.

Over all, informants’ experience was that reporting systems
work well overall. However, many stated that the threshold for
reporting varied considerably among employees. The following
statement illustrates this: “Some report a knot that has come
undone, others do not report unless there is a hole in the net
cage”. Workers note that things that are easily fixed are less
frequently reported than those that require further action. Inter-
views also showed that other more informal mechanisms are
important. Discussions amongst employees in everyday life had,
for instance, led to improvements.

6. Discussion

The results presented in this article show that escape accidents
in Norwegian aquaculture commonly explained by the term
“human error” can be linked to several contributing factors.
Interaction with technology, physical work environment, work-
load, work pressure, training, skill, experience, co-operation,
communication, and safety management are all aspects that may
influence the risk of escape of fish from fish farms.

Even though the focus here has been on escape accidents,
findings presented in this article resemble those of a previous
study looking at organisational context and personal safety [12,17],
where it was argued that accidents may be prevented by improved
technology and practice as well as through considering the
organisation of work, communication, skills and experience, work-
ers’ sense of responsibility, learning, and safety perception.

Another study notes that workers at fish farms feel that higher
profit is prioritised before personnel safety [12]. Economic con-
siderations relating to production costs may also underlie several
aspects presented in this article. For instance, investing in tech-
nology, ensuring sufficient staffing, conducting training and hiring
well boats and service vessels for an adequate amount of time all
come at a cost. This in turn influences the work load and work
pressures for fish farm workers.

The term “fatigue” refers to both physical and mental exhaustion
and originated in medical literature, where it was first associated
with the harmful effects of overexertion [19]. Human fatigue is
difficult to measure, but factors found in the occupation of seafaring,
such as long working hours, disturbances of sleep and sleep rhythm,
night work and harsh working conditions and ship motions are
commonly associated with fatigue [20]. A previous study focusing on
shift work aboard offshore vessels demonstrated that a direct cause
of fatigue is an accumulated sleep deficit over time [21]. Another
study concludes that long working hours with few breaks at moving
work platforms also affect cognitive and physical performance [22]. It
is thus likely that long working hours and little sleep in addition to a
high work load and work pressure during labour-intensive opera-
tions will likely influence fish farmers’ performance.

Looking at escape accidents and risk, the role of the operations
manager and the fish farmers is particularly important when it
comes to influencing organisational aspects. Each farm site is
managed by an operations manager who makes the most of
everyday decisions. Operations managers have to make sure that
staffing is adequate, that no-one works illegal overtime, that
operations are well planned, that communication with on-shore
management, service vessels and well boats is ensured and so forth.
They are also responsible for their own as well as the fish farmers’
actions if fish escape from the farm site. Thus, decisions made at the
farm sites can be crucial for the outcome of a given situation.

In sum, the role of the operational manager entails great respon-
sibility, and can result in great stress. Results presented in this article
show that operational managers and fish farmers are very conscien-
tious and do everything possible to prevent fish escape. No-one wants
to make mistakes or errors. In fact, they are afraid to make mistakes,
because the consequences for themselves and the company are so
severe. Escape of fish may lead to economic loss, economic penalties
and damage the reputation of the company. Because escape is
considered one of the worst possible scenarios, fish farmers keep a
major focus on the maintenance and supervision of net cages. As
shown in a previous studies, fish farmers may even put the safety of
the fish before their own safety [5,12].

7. Conclusions

Workers’ performance is influenced by organisational aspects,
and this needs to be taken into consideration in the industry’s
efforts to prevent fish escape. Analysis of previous fish escapes
shows that the term “human error” may hide the complexity of
accident causality. Furthermore, this terminology may be per-
ceived as incriminating by the fish farmers who are conscientious
and always anxious to prevent escape.

It seems that escape incidents in the past have served as a
warning for the industry that has led to the implementation of
new measures to prevent escape in the future. However, as this
article suggests, it is important that these efforts continue, as there
is still room for improvement in several areas.

First, there is a need for increased awareness on the conse-
quences organisational aspects have on individuals. Second, there
is a need for user-friendly technology that is robust and weather-
resistant. Safety for both fish and people can be improved by
simplifying operations and improving equipment. Finally, fish
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farmers disregarding personal safety due to fear of escape is a
negative consequence of the responsibility they are given. It is
important that fish farmers truly feel that they can put personal
safety first.
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ABSTRACT: The aquaculture industry has since the 70’s grown to become one of the most important industries
in Norway. A safety challenge for the Norwegian fish farming companies is escape of salmon. During the last
decade, the main cause to escapes has changed from structural failures to "human errors".The paper addresses the
need for improving safety in fish farming operations by implementing systematic means for risk management.
The objective of this preliminary study has been to evaluate whether the Operational Safety Condition (OSC)
method provides a feasible tool for identifying and understanding organisational factors and conditions that
influence safety levels at the fish farms. The basis for the study is escape of fish. The results demonstrates that
OSC seems to be a promising tool for audits of the organisational safety conditions in aquaculture companies.

1 INTRODUCTION

1.1 Background

The aquaculture industry has during the last 40 years
grown to become one of the most important indus-
tries in Norway, and Norway is now the dominant
producer and exporter of Atlantic Salmon worldwide.
The industry has been in constant development and is
now aiming to reach a production of 5 million tons of
farmed fish per year by 2050 (Olafsen et al. 2012),
up from around 1.3 million tons in 2013. Due to the
increasing need for more space and better production
environments (Holmer 2010), there has been a grad-
ual move towards also using more exposed coastal
areas. Farming in exposed areas poses unique chal-
lenges to operations, structures and equipment, due
to extreme weather, wave and current conditions, and
sheer remoteness (Bjelland et al. 2015). Technology is
gradually developed to meet these challenges; so far
mainly by upscaling boats, fish farms and net cages.

Exposed farm locations could be ideal for pro-
duction and simultaneously reduce key environmental
effects, as well as the negative ecological conse-
quences of sea lice (Costello 2009) and escapees
(Jensen et al. 2010). Fish farmers, who have gradu-
ally started to utilize more exposed locations, report
considerable difficulties in maintaining reliable pro-
duction (Sandberg et al. 2012). Weather conditions
are already causing downtime at several sites, espe-
cially during the winter months, and this is expected
to increase due to climate changes. This makes the
overall management of maintenance and daily oper-
ation unpredictable, and challenges the safety at the

fish farms (Holen et al. 2013). Lack of repairs and
daily inspections of fish cages may increase the risk
for fish escapes. Maintenance and safety management
strategies have to be changed in line with the harsher
operating conditions (Utne et al. 2015).

Escape of fish is a great challenge for the Norwe-
gian fish farming companies. A fish escape incident
may consist of from one to several tens of thousands of
fish being accidently released from a net cage.The fish
farmers are decreed to report every escape, also upon
suspicion. The number and average size of the escaped
fish shall be reported to the Directorate of Fisheries,
which will investigate the incident. The company in
charge of the escape are obliged to reduce the environ-
mental damage by catching the escaped fish with nets.
To avoid new escapees, they must document imple-
mentation of relevant actions. The loss of fish implies
a financial loss, but perhaps even more damaging is
that such accidents severely harm the reputation of
the industry. Escaped fish might disrupt gene pools
of wild salmon (Bourret et al. 2011), thus affecting
the environment. Furthermore, escape of farmed fish
is criminalised and the company and/or the employ-
ees might be prosecuted and fined if the investigation
reveals misactions or noncompliance with mandatory
safety procedures. This may lead to severe personal
strain (Thorvaldsen et al. 2015). The workers are
likely to take action to prevent escapees even though
this might expose themselves to hazards (Størkersen
2012).

Current research shows that the accident causality
often is complex and with several contributing factors.
Such factors are, for example, the harsh work environ-
ment that the operators have to deal with, demanding
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work operations, variations in worker experience and
skills, poorly implemented safety management, and
suboptimal functionality of technology (Thorvaldsen
et al. 2015). Previous interviews with operators and
managers at fish farms also show that most of the oper-
ations regarded to be critical for the escape of fish, also
implies a considerable occupational safety risk. Thus,
means for reducing the risk of fish escape may also
improve the safety for the workers.

1.2 Objective and scope of paper

This paper addresses the need for improving safety
in fish farming operations by implementing system-
atic means for risk management. Risk management
deals with identifying, analysing, assessing and con-
trolling occupational risk and major accident risks,
as a basis for developing preventive measures (ISO
31000:2009). The management system should enable
good safety practice in all parts of the organisation,
and ideally, it should have a built-in resilience against
human errors. Thus, it is crucial to understand how
organisational factors and conditions influence safety
levels. Furthermore, internal audits should be per-
formed at intervals in order to check the safety levels in
the fish farming companies’ daily routines. To make
the audits efficient, they need to focus on the crit-
ical safety factors relevant for the operations at the
fish farms. The objective for this paper is to evalu-
ate whether the Operational Safety Condition (OSC)
method provides a feasible tool for identifying and
understanding organisational factors and conditions
that influence safety levels at the fish farms. The basis
for the study is escape of fish.

2 REGULATIONS ON SAFETY
MANAGEMENT IN AQUACULTURE
INDUSTRY

All Norwegian enterprises are obliged to implement
some kind of performance management systems, to
control quality, working health, safety and/or possible
damage to the environment. These could be integrated
in one management system, but typically current prac-
tice is that maintenance schedules and records are often
found in different systems. Software-based manage-
ment systems are implemented because it is a rational
way of ensuring sound and effective daily operations,
and because governmental regulations make them
mandatory.

Audits are an important tool in the implementation
of “living” management systems. Safety audits are a
systematic and planned verification of the safety per-
formance against external and internal requirements.
They can be conducted as internal audits or by a third
party.

The use of audits within safety management is
derived from quality management theories (Kongsvik
2013). International standards for quality man-
agement, e.g., ISO 9001 (International Standard

Organisation 2015), have been established and are
widely used as the basis for certifying enterprises.
Accredited certification by an independent third party
is a confirmation that the company performs according
to the requirements in the standard, and has become a
quality stamp that several companies obtain.

2.1 Internal control of health, safety and work
environment (HSE)

Since 1992, it has been decreed by law that all enter-
prises under the authority of the Norwegian Labour
Inspectorate Agency (LIA) shall work systematically
with, and continuously improve the health, safety and
environment (HSE) procedures. This implies imple-
menting and maintaining a safety management system
at the minimum standard, as described in the internal
control regulation. The present version of the “Reg-
ulation on systematic health, safety and environment
work in enterprises (Internal control regulation)” came
into force in 1997, and was last updated in 2014 (Nor-
wegian Ministry of Labour and Social Affairs 1996).
The Working Environment Act, which applies for all
land based industries as well as the aquaculture sec-
tor in Norway, sanctions this regulation (Norwegian
Ministry of Labour and Social Affairs 2005).

The internal control regulation’s purpose is to
ensure that the safety policy and management sys-
tems comply with the HSE legislation, and that the
internal procedures, laws and regulations are easily
available to employees.The companies must document
descriptions of HSE functions and responsibilities in
the organisation, as well as risk assessments and plans
for implementing risk-reducing actions. The employ-
ees shall be active contributors and get the sufficient
training to be able to do so. The company are supposed
to continuously follow up and systematically revise or
update the safety management system, and the man-
agement must conduct internal audits at set intervals to
check the performance of it. LIA will check the docu-
mentation of this work during inspections, which will
be valuable documentation when investigating acci-
dents. The environmental part is controlled separately
by the county administration.

2.2 The aquaculture legislation and internal control

The aquaculture industry’s obligation to prevent escape
of fish, and to report either suspected or known
escapes, is stated in the “Regulation on the operation of
aquaculture production sites” (Norwegian Ministry of
Trade and Fisheries 2008), statutory in theAquaculture
Act (Norwegian Ministry ofTrade and Fisheries 2005).
Certain parts of this regulation deals with ethical and
sound farming of fish and are linked to clauses in the
Food Act and the Animal Welfare Act. The Norwegian
Food Safety Authority controls these parts.

According to the aquaculture legislation, the com-
panies are obliged to show risk awareness, conduct
risk assessments and implement measures to mitigate
the identified risks. Furthermore, actions have to be

1810



taken if an escape incident happens, by trying to catch
escaped fish. There are also requirements on training
and competence of the fish farm operators.

Formal requirements on internal control of the
aquaculture production are described in the "Regu-
lation on internal control to comply with aquaculture
legislation" (Norwegian Ministry of Trade and Fish-
eries 2004). The system requirements are almost equal
to those for the HSE internal control, thus mak-
ing company management and workers responsible
for the safety performance during daily operations.
The Norwegian Directorate of Fisheries is the regu-
latory authority for these requirements, as well as the
technical regulations described in the next section.

2.3 Technical regulations

The “Regulation on technical requirements to float-
ing aquaculture installations” (Norwegian Ministry of
Trade and Fisheries 2011) was introduced to ensure
that the standard of fish cages and installations comply
with the technical requirements in the Norwegian stan-
dard NS 9415 (Standard Norway 2009) for aquaculture
production sites. This standard was developed in order
to mitigate the increasing numbers of escaped fish due
to structural breakdowns or technological failures in
the first years of this millennium, and soon proved a
success (Jensen et al. 2010). However, escape incidents
due to errors, lack of safety barriers or other opera-
tional causes, still is a challenge for the fish farming
industry.

3 METHODS FOR ASSESSING AND
MONITORING SAFETY IN AQUACULTURE

Today, there are few parameters used to systematically
measure the safety performance level in Norwegian
aquaculture. First, the number of escaped, and sus-
pected escaped, farmed fish is followed closely. The
industry has established good routines for reporting
in accordance with the authorities’ regulations (Nor-
wegian Ministry of Trade and Fisheries 2008), which
state that one should report when it is assumed or
known that one or more fish have escaped. Further-
more, lice counts are done on a regular basis as defined
by the authorities, and levels above 0.5 louse per fish
initiate delousing. The delousing operation is iden-
tified as critical when it comes to risk for escapes
and occupational risk (Thorvaldsen et al. 2015), and
increased frequency of delousing should alert the
companies to take extra precautions. Serious occupa-
tional accidents are reported to the Norwegian Labour
Inspectorate Agency (Holen et al, in prep) and the
investigations may result in suggestions for preven-
tive actions. Company-internal measures, for example,
number of reported nonconformities or near misses, is
also likely to correlate with the operators’ alertness at
work. Still, it can be questioned whether any of these
numbers are efficient – or sufficient – indicators for the
organisational safety performance in the Norwegian

fish farming industry, either nationally or at company
level.

The Operational Safety Condition (OSC) method
was developed to measure the effect of mitigating
actions on operational safety levels over time (Skog-
dalen et al. 2011). Hence, it may be used for developing
safety indicators. Safety indicators are observable
measures providing information about safety or the
safety level, in an organisation, at a workplace, or
during an operation (Kongsvik 2013). Such param-
eters may be useful in order to develop safety barriers,
prioritize and evaluate the effectiveness of preven-
tive measures, or simply satisfy authority requirements
with respect to safety management. The overall aim
of the OSC development was to reduce the risk of
major accidents at offshore installations (Kongsvik
et al. 2010).

OSC was introduced as a supplement for assess-
ments of technical conditions on a production facility,
i.e., the Technical Condition Safety method (TTS)
developed for the oil and gas industry (Ingvarson
& Strom 2009). OSC has been developed based on
the same basic principles as TTS, which reviews
safety critical barriers in maintenance, inspection and
design. TTS checks a number of performance indica-
tors related to safety functions that are verified against
defined performance standards. A detailed checklist is
used to conduct the assessment, and the performance
levels are rated according to grades A-F (Skogdalen
et al. 2011). As the aquaculture technology advances,
the need will increase for systems that monitor the
technical safety as well. OSC and TTS supplement
each other, and a combination could rationalise the
audit processes since several of the underlying safety
and risk factors will overlap.

OSC focuses on the “soft” barriers in safety work:
Humans and the organisation. The motivation behind
OSC was to reduce the risk of major hazards in the oil
and gas sector by introducing a method for proactive
organisational safety verification and improvement.
The core of the method is to compare operational prac-
tice against safety requirements (Kongsvik et al. 2010,
Skogdalen et al. 2011, Kongsvik 2013). In the Nor-
wegian oil and gas sector, human and organisational
factors have to be included in the risk assessments to
comply with the health, work environment and safety
legislation (Skogdalen & Vinnem 2011). This also
applies to the aquaculture industry since the Work
EnvironmentAct is regulatory for these workplaces, as
well (Norwegian Ministry of Labour and SocialAffairs
2005).

OSC is a qualitative method. Interviews with per-
sonnel, observations of work procedures, investiga-
tions of documents and questionnaires are input to
the verification of operational practice versus require-
ments. The method involves the operators to a great
extent and makes them co-owners of the problem,
process and necessary changes. The method should
be used and managed by company internal HSE per-
sonnel. The results should provide information on
how organisational factors function and interact with
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Table 1. Steps of OSC method (Kongsvik et al. 2010,
Kongsvik 2013).

1. Identify causes for accidents.
2. Which work operations are they connected to?
3. Which organizational conditions/factors are of

importance for these tasks?
4. Which internal and external requirements are relevant

for each factor?
5. Define checkpoints for each requirement (could be

several).
6. Conduct the audit: Evaluate the accordance between

the organizational factors and relevant requirements.
a. Background information: accident statistics,

reported accidents, incidents, nonconformities.
b. Surveys and personal interviews.
c. Overall analysis, evaluation and reporting. Interpret

and describe the organisational safety condition.
d. Workshop with participants from all levels of the

organisation. Generate knowledge and identify
measures based on findings in steps above.

respect to safety.The steps of OSC are listed inTable 1.
These are further discussed in the next section.

4 THE OPERATIONAL SAFETY
CONDITION (OSC) ADAPTED TO
AQUACULTURE

In this section, the results of the preliminary study are
summarised. The work has followed the steps listed in
Table 1.

4.1 Step 1 – Identify causes to accidents

The development of the OSC method is based on
identified risk influencing factors with high signifi-
cance for major hazards (Kongsvik 2013). In this paper
escape of farmed fish is defined as the undesired inci-
dent. The first step in adapting OSC to aquaculture,
according to Table 1, is to identify known accident
causes from available information sources, literature
and supplementary interviews with personnel. For the
case of fish escape, relevant background information
about causal factors can be found in escape statis-
tics and reports from the Norwegian Directorate of
Fisheries (2016). Furthermore, a number of research
reports have been used to identify direct and con-
tributing causes for escape of fish, both technical and
structural causalities (Jensen et al. 2010), focus on
complex operations (Sandberg et al. 2012), organisa-
tional aspects (Fenstad et al. 2009, Størkersen 2012),
and human factors and organisational aspects (Thor-
valdsen et al. 2015). Structured interviews could also
be conducted with workers at fish farms to add to
this material when necessary. Table 2 summarises cat-
egories of causes and examples of contributing factors
to accidents with escape of fish.

Table 2. Some identified causes to escape of fish in
Norwegian aquaculture.

Category Example of cause and contributing factors

Structural/ Barrier not functioning – net cage missing
technological or whole in net due to wear and tear,
failure material fatigue or propel caught in net

Crane operations – no control of forces
Human- Suboptimal design, allows errors
technology Insufficient user instructions and/or
interaction handbook
Operational Internal control not implemented

Understaffing and long working hours –
heavy workloads, fatigue
Insufficient training of operators
Operation planning lacks clarification of
responsibilities and abortion criteria
Risk assessments are not conducted
Communication routines not clarified
Poorly described procedures

External Time pressure
conditions Economic pressure

Bad weather, heavy winds, waves and
strong currents
Darkness
Insufficient resources, manning, equipment

4.2 Step 2 – Map work operations

Previous studies have identified aquaculture opera-
tions with particularly high risk for fish escape (Jensen
et al. 2010, Sandberg et al. 2012, Thorvaldsen et al.
2015). The most important are: Crane operations,
delousing, well boat operations, daily work and main-
tenance, inspections of mooring lines and net cage, net
cage replacement, transfer of fish and feed deliveries.

4.3 Step 3 – Organisational factors of importance

The work operations and tasks connected to these
causes from step 2 are mapped with organisational
conditions that have an impact on the performance
or outcome of each task. A description of how each
organisational condition affects the work tasks must
then be provided, together with a classification of their
influence (high, medium, minor). Based on this, a
list of organisational factors with high influence on
the operational practice is developed. Kongsvik et al.
(2010) have identified seven overall factors based on
a literature study:

1. Work practice
2. Competence
3. Procedures and documentation
4. Communication
5. Workload and physical environment
6. Management
7. Change management

Regarding the organisational conditions of high-
est relevance for the work tasks, we approached the
task by evaluating the seven organisational factors
listed by Kongsvik et al. (2010) against the operational
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Figure 1. Dependencies between organisational factors
(Kongsvik et al. 2010) and aquaculture operations with a high
risk of fish escape.

challenges identified in aquaculture operations haz-
ardous with respect to fish escape (step 2, section
4.2). Figure 1 illustrates the preliminary results, which
show that the organisational factors identified for the
oil and gas sector applies to the fish farm operations.
In Figure 1, arrows are drawn to show examples of
dependencies between operational factors (right) and
work operations (right).

4.4 Step 4 – Internal and external requirements

Step 4 is to establish safety performance, internal
and external requirements relevant for each condi-
tion mapped. These can be found in company internal
policy documents and procedures, or in authority reg-
ulations. An initial assessment has been performed
for the seven organisational conditions with respect
to operations with a high risk of escape. In Table 3,
we have listed examples of relevant requirements and
suggested checkpoints (step 5, next section), as well as
suggested sources for identification of requirements.
The requirements should be found both in regulatory
(mandatory) regulations, as well as company internal
regulations. Due to limitations in space, only a few of
the factors are shown in Table 3. For example, related
to work practice, all employees should be familiar with
the operational procedure and also acknowledge that
they know it by placing their signature on it. Further
examples are shown in Table 3.

4.5 Step 5 – Define checkpoints

Finally, step 5 in the development process is to identify
checkpoints in order to assess whether the organi-
sational condition complies with the requirements.
Some of the checkpoints can be developed into safety
indicators, or be included in safe job-analyses to be
performed prior to operations with significant risk for
accidents. The present Table 3 (next page) is not com-
prehensive and should be developed further to estab-
lish a complete basis for safety audits in aquaculture
companies.

4.6 Step 6 – Conduct the audit

The resulting list of organisational factors, require-
ments and checkpoints then forms the basis for
interview guides and/or questionnaires to be used in
the safety audit. The audit should reveal both weak-
nesses and strengths of the organisation, and include

personnel at all levels. For fish farming companies this
should involve representatives from top management,
HSE managers and personnel, fish farm operators and
operational managers.

5 DISCUSSION

Preventing fish escapes have been the main motivation
for improving and implementing performance require-
ments for aquaculture technology and structures. The
effect of these measures is mainly evaluated in terms
of reduction in escapes, both regarding number of inci-
dents and number of fish. The escape reports the last
decade show that in relation to the increase in total
production of farmed fish, the number of escapes are
considerably reduced. Nevertheless, escape of farmed
salmon is still a major hazard in the aquaculture
industry due to serious consequences for the ecosys-
tem (wild salmon), industry reputation, and financial
losses.

Methods have been developed in other industries
in order to be able to measure risk development
at workplaces. The Petroleum Safety Authority Nor-
way (PSA) established in 1999 the RNNP project to
develop a method for monitoring the risk levels in the
petroleum activity on the Norwegian continental shelf.
The goal is to control the major hazard risks for work-
ers on offshore installations (Vinnem et al. 2006), and
RNNP contributes to a shared understanding of risk
development between industry companies, unions and
authorities (PSA 2016). Since the pilot study in 2001
annual updates have been performed. It consists of
both quantitative and qualitative methods that are com-
plementary to each other. RNNP is now established as
an important management tool for all parties in the
oil and gas sector. Similar tools could thus be relevant
also for the aquaculture sector.

A recent study on the escape of fish and influence of
organisational aspects shows that organisational fac-
tors are significant contributors to the escape accidents
(Thorvaldsen et al. 2015). When the safety barrier is
lacking or not functioning because of holes in the net, a
direct contributing factor is that the net cage handling
has been incorrect. The root causes may be lack of
sufficient training, competence or heavy workloads.
Other contributing factors have found to be lack of
communication or (non-reported) nonconformities in
the operational procedures. A recommended way for-
ward would therefore be to develop tools to ensure
that the state of the organisational conditions and fac-
tors within the fish farming companies is checked
regularly.

The development of OSC was based on a need to
systematically and qualitatively measure the opera-
tional safety performance at process plants or offshore
installations, as a supplement to technical safety as a
means to identify where improvements are required.
The aim of the method is to set a performance stan-
dard for the organisational risk controlling systems and
evaluate how well they function as operational safety
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Table 3. Examples of relevant requirements and check-
points for the two organisational conditions “work practice”
and “competence” in aquaculture operations.

Organisational factor
• Source to identify requirements

– Requirements
� Checkpoints

Work practice
• Internal quality and safety management system
• Policy documents
• Interviews
• Certifications e.g. Aquaculture Stewardship

Council (ASC), ISO 9001, OSHAS 18001
• Regulatory requirements

– All employees should know the procedures and sign it.
– All personnel shall be trained according to the

requirements in the management system.
– Internal control Aquaculture: hazard identification,

risk assessments and develop action plans,
preventive measures
� Are all operations described in the management

system?
� Are risk assessments and evaluations performed for

all tasks?
� Are the procedures for use of personal protective

equipment described?

Competence
• IK Aquaculture
• Internal quality and safety management system
• Work procedures, skill requirements
• Certifications e.g.Aquaculture Stewardship

Council (ASC), ISO 9001, OSHAS 18001
– The personnel know the purpose and content

of the internal control procedures.
� Does the company have a procedure which

describes the competence and skills required?
� Are the competence requirements clearly defined

in the management system?
� Are safety training conducted for operators?
� Is the education and training of the employees

documented?

barriers (Kongsvik et al, 2010). OSC is thus likely to be
applicable to other production industries where human
and organisational factors have significant impact on
the safety levels in the operations, as in the fish farming
industry.

There is also a need for establishing effective safety
indicators that give a prewarning if the risk for fish
escape. Today, the safety indicators are lagging in the
form of number of escaped fish.The information gath-
ered using the OSC method could probably be used to
develop organisational safety indicators that address
specific safety challenges in companies, regions or
locally at a fish farm. A good approach could be to
start with the regulatory requirements for internal con-
trol that are mandatory and known to the company
management.

The performance of safety management systems
in the aquaculture industry shall be audited regularly
as a part of the internal control. Regulatory author-
ities conduct inspections at intervals, and they have

the policy to do so-called risk based audits, i.e., they
will check the parts of the management systems that
is relevant for the known major risks in the industry.
At the time being, this includes procedures and oper-
ations that are associated with risk of fish escape and
lice treatments. The internal control often reflects this
in practice, as the companies aim to be up to standard
during the audits. Furthermore, easily available param-
eters are most likely to be inspected, for example,
written procedures, nonconformity reports or equip-
ment maintenance. The correlation between a net cage
which is not properly installed and organisational fac-
tors is not obvious, and such an error is a result of the
interaction between humans, technology and organi-
sational factors. This supports the use of methods like
the OSC that takes a more holistic approach.

The seven organisational conditions identified to
reduce the risk for major hazards in the oil and gas
industry (Kongsvik et al, 2010), seems to be relevant
also for the aquaculture industry. OSC goes into the
depth of the problem and provides an assessment of the
organisation as an entity, and covers different author-
ities’ regulations. This allows an overall approach
which is useful for the company’s quality manage-
ment activities. The information gathered during the
audit forms the basis for development of necessary
operational changes. The improvements are discussed
jointly by all parts of the organisation, and this kind of
dialogue between operators and top managers is catal-
ysed using OSC. The process is resource-demanding
and requires considerable man-hours from process
leaders and employees. Ownership and understand-
ing among the operators dealing with the challenges
daily ensure that the most effective preventive mea-
sures to be developed. It is likely, however, that the
fish farms along the Norwegian coast are quite sim-
ilar with respect to organisational conditions, and
OSC could therefore be developed as a joint effort
across the key players in the industry. Parts of the
OSC can be repeated at intervals and thus provide
key information on safety performance useful for the
company’s management, but also for the regulatory
authorities. The results could be used to establish
safety indicators on safety performance at industry
level, similar to the oil and gas sector through the
RNNP project. Minor adaptations in the safety audit
checklists could subsequently be conducted within
each company. This would represent a significant con-
tribution to improving the safety levels in the fish
farming industry.

6 CONCLUSIONS

This paper presents a knowledge basis for adapting
the Operational Safety Condition (OSC) method to
the aquaculture industry. During the last 10 years the
industry has accomplished a great reduction in the
number of escapes due to escape incidents caused
by technical failures in constructions and equipment.
The next step is to improve the organisations and
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management systems at the fish farms in order to
reduce the organisational risk factors in the aquacul-
ture industry and avoid “human errors”.

This paper presents a knowledge basis for adapt-
ing the qualitative method called Operational Safety
Condition (OSC) to the aquaculture industry. Part of
the method is to develop a detailed checklist, tai-
lored according to the requirements identified for each
organisational safety condition. The pre-study demon-
strates that OSC seems to be a promising tool for audits
of the organisational safety conditions in aquaculture
companies.
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A B S T R A C T

The Norwegian aquaculture industry has the potential to become the country’s leading ocean industry in the
future. More than 99% of the produced biomass is Atlantic salmon and trout. Norwegian fish farming is char-
acterised by operations that are susceptible to changing weather, wind and currents, and face challenges in terms
of safety for fish, personnel, environment and material assets. Previous research and accident analyses reveal an
incomplete knowledge of risk factors during aquaculture operations. In order to raise standards of safety in the
workplace, operators need to be aware of the challenges to safety in their work environment. The objective of
this paper is to describe and discuss the current status of the implementation of risk assessments in the
Norwegian aquaculture industry, according to Norwegian legislation and compared with recommended re-
quirements in the Norwegian standard for risk assessments (NS 5814). This standard largely follows ISO 31000
for risk management. We also propose, test and evaluate an improved approach to risk assessment that will
ensure stronger operator involvement. Our findings demonstrate that there are several gaps between the current
practice and the standard. At the present time, operator involvement is not sufficient according to the regulatory
requirements of internal control. Although the approach improves critical steps in the risk assessment procedure,
it remains to be implemented in the fish farming industry.

1. Introduction

The Norwegian aquaculture industry has the potential to become
the country’s leading ocean industry in the future (Norwegian Ministry
of Trade Industry and Fisheries, 2017). This ambition will require new
biomass production sites to be established, and major environmental
and technological challenges still have to be resolved (Bjelland et al.,
2015). The aquaculture industry has become a driving force for the
development of new technology, concepts and management strategies
that meet the requirements for sustainable production in harsh en-
vironments. An important task in this development is to evaluate how
safety risks in aquaculture can be reduced by integrating risk assess-
ments in the engineering phase, as well as implementing new strategies
for fish farm operations.

The fish farming industry is characterised by operations that are
susceptible to changing weather, wind and currents, all of which affect
the availability, safety and integrity of fish farms. Fish farming is thus a
challenge to technology manufacturers, fish welfare and occupational
safety. In Norway, being a fish farmer is the second most dangerous
profession after capture fisheries in terms of rates of occupational

injuries (Aasjord and Geving, 2009; Holen et al., 2018a). Between 1994
and 2014, 21 fatalities were registered, and the rate per 10,000 person-
years worked ranged from 0 to 10.8 (Holen et al., 2018b), with an
average fatality rate of 2.9. Since 2005, there have been nine fatalities
during maintenance or other marine operations related to aquaculture
production (SINTEF Ocean, 2018). Operations involving cranes or
winches are the major contributors to these incidents (Holen et al.,
2018b), many of which are performed as part of work-intensive de-
lousing procedures. Lice and infections pose a hazard to fish welfare
and health, as the treatment procedures cause stress and involve rough
handling of the fish. Violations of the Animal Welfare Act will be in-
vestigated and may lead to fines (Norwegian Ministry of Agriculture
and Food, 2009). Systematic regimes to monitor fish welfare and con-
duct delousing are mandatory (Norwegian Ministry of Trade Industry
and Fisheries, 2016b; Food Safety Authority Norway, 2017).

Besides threatening fish welfare delousing also raises the risk for
occupational injuries and for escape of fish. After years of growing
numbers of escaped fish, action was taken after 2000 to reduce the
number of incidents caused by structural breakdowns and technological
failures (Jensen et al., 2010). Operational errors and structural

https://doi.org/10.1016/j.aquaeng.2018.09.002
Received 29 May 2018; Received in revised form 24 August 2018; Accepted 7 September 2018

⁎ Corresponding author at: Department of Marine Technology, Norwegian University of Science and Technology (NTNU), N-7491, Trondheim, Norway.
E-mail addresses: ingunn.marie.holmen@sintef.no (I.M. Holmen), ingrid.b.utne@ntnu.no (I.B. Utne), stein.haugen@ntnu.no (S. Haugen).

Aquacultural Engineering 83 (2018) 65–75

Available online 15 September 2018
0144-8609/ © 2018 Elsevier B.V. All rights reserved.

T



deficiencies due to insufficient or missing safety barriers are now the
most frequent causes of escapes (Directorate of Fisheries, 2017b). An
analysis of farmed salmon and trout escapes between 2010 and 2016
has shown that holes in the net are the major direct cause, and these are
mostly due to bad handling or conflicting integrity with the bottom
weight system of the fish cage (Føre and Thorvaldsen, 2017).

Escapes are not only a threat to the environment, but also contribute
to the negative reputation of the industry (Olsen and Osmundsen,
2017). Fish farmers report that personal safety may be set aside in order
to prevent a- fish escape accident (Størkersen, 2012; Thorvaldsen et al.,
2015). A study by Holmen and Thorvaldsen (2015) showed that the
aquaculture industry lies behind comparable industries in im-
plementing systematic risk management. Previous research and acci-
dent analyses reveal a considerable lack of understanding of the risks
involved in marine operations in aquaculture (Holmen et al., 2017b, c;
Holen et al., 2018a, b; Jensen et al., 2010; Thorvaldsen et al., 2015;
Føre and Thorvaldsen, 2017). In this context, fish farmers’ knowledge
of operational hazards, experience and skills are important organisa-
tional safety barriers. Risk assessments and personnel training may
therefore be important safety factors. This calls for a more compre-
hensive approach to risk management in the fish farming industry. A
recent study recommends that five dimensions of risks need to be as-
sessed in a fish farm operation (Yang et al., 2018). These are risks to
personnel, material assets, fish welfare, the environment and food
safety.

Risk assessment is a core activity of risk management and consists of
identifying hazards, analysing and evaluating risks, and among out-
comes are action plans for risk treatment during the design and op-
erational phases of a production unit (ISO, 2018; Rausand, 2011). A
starting point for the fish farming industry could be to implement im-
proved strategies for thorough assessments of operational risks as a
basis for developing effective preventive measures, as well as increasing
workers’ awareness of the risks inherent in daily work. Recognition of
occupational hazards is fundamental in order to implement efficient
safety measures in aquaculture (Moreau and Neis, 2009; Myers and
Durborow, 2012). In Norway, it is a regulatory requirement that op-
erating personnel are to be involved in the risk assessment process, in
order to ensure that relevant workplace hazards are identified and
understood by those actually performing the work (Norwegian Ministry
of Labour and Social Affairs, 1996).

The objectives of the paper are to present the status of risk assess-
ments in the Norwegian aquaculture industry, and thereafter to discuss
how the implementation of risk assessment might be improved in order
to fulfil the intention of the standard and of the regulations. Part of the
study has been published previously in Holmen et al. (2017c), which is
a brief presentation of the regulatory requirements for risk assessments
in aquaculture operations, a summary of current practices and an re-
commended improved approach to hazard identification and risk ana-
lysis, in the Norwegian context. The present paper extends both the
data material and the scope of the study by comparing current risk
assessment practices step by step with the risk assessment process re-
commended by the standard NS 5814 (Standard Norway, 2008), which
largely follows the international standard for risk management, ISO
31000 (ISO, 2018).

The paper is structured as follows: Section 1 introduces the aqua-
culture industry context and its safety challenges, as a background for
the objectives of this paper. Section 2 presents requirements for risk
assessments in Norwegian aquaculture regulations and standards re-
lated to risk assessments. Section 3 presents the results from a sys-
tematic analysis of the current practice for risk assessments and is fol-
lowed up by a suggestion as to how the practices could be improved
(Section 4). The results are discussed in Section 5, and the conclusions
in Section 6.

2. Regulations and standards for risk assessments in Norwegian
aquaculture

2.1. The Norwegian fish farming industry

The Norwegian finfish aquaculture industry comprises all sizes of
companies from large global enterprises to family-owned fish farms in
small communities. There is also a growing number of manufacturers
and providers of equipment, components, vessels and services to the
aquaculture industry. Norway is the world's second largest exporter of
fish after China, but the largest producer of finfish in marine and coastal
environments (FAO, 2016). More than 99 per cent of the Norwegian
total produced biomass is farmed Atlantic salmon and trout (Directorate
of Fisheries, 2017a), which is the focus of this paper.

There are normally six to 12 circular plastic collar net cages in one
fish farm (Jensen et al., 2010; Holen et al., 2018a). The number of cages
differs according to the site and production license. Each cycle of fish is
grown out in seawater for 18 months before it is slaughtered. The op-
erations manager is responsible for both production and personnel
safety. Each fish farm employs about three to six workers (in this paper
also referred to as fish farmers or operators) who are responsible for
daily inspections, feeding and maintenance. The feeding barge, which is
the “operations centre” of the farm, contains rooms for equipment and
feed storage, the feeding system, as well as offices, meeting rooms and
accommodation for the workers.

Designated work vessels, from 8 to 15m length overall (l.o.a.) and
equipped with capstans and/or a crane, are used for inspection and
maintenance of the fish cages. The daily inspections are performed in
accordance with official regulations on aquaculture operations
(Norwegian Ministry of Trade Industry and Fisheries, 2008), and are
intended to ensure that the net cages are in order and to assess fish
welfare. The operators perform such tasks as maintenance, removal of
dead fish from the net cages and monitoring the amount of salmon lice
on a sample of fish every week. Specialised service vessels and crews,
either the company’s own or belonging to subcontractors, are chartered
for heavier operations such as mooring and delousing.

A wide range of equipment for monitoring and caring for the fish is
mounted inside the net cage (Holmen et al., 2017a). Examples include
hideouts (shelters) for wrasse (small size “cleaning fish” which feed on
salmon lice), air tubes, cameras, gear for removal of dead fish and much
more. The equipment may represent hazards to the fish or the net and
has to be handled carefully if it has to be removed before an operation
can start. During operations, extra devices and equipment may be
needed; e.g. remotely operated vehicles (ROV), tubes for pumping fish
or a remotely operated cleaning system positioned by a crane. All this
extra gear adds complexity to the operations. Furthermore, aquaculture
operations are not standardized, neither between companies nor be-
tween fish farms in different regions, and different equipment may be
used, depending on what is available (Holmen et al., 2017a). All of
these factors have consequences for the risk assessments, because ha-
zards must be identified for each specific operation.

2.2. Regulations

The administration of the Norwegian aquaculture industry is frag-
mented as regards legislation and the regulatory authorities involved.
Coastal area management, allocation of fish farm licences, planning and
establishment of sites, inspection of fish welfare and health, food pro-
duction and environmental protection are allocated to six different
ministries and regulatory authorities. In certain areas the audits are
delegated to regional or local community offices, which in turn in-
creases the potential for differences arising in how cases are dealt with
(Robertsen et al., 2016). The requirements regarding risk management
in production are also fragmented (Holmen et al., 2017c).

Performing and documenting risk assessments for all aquaculture
operations is mandatory, as are activities related to breeding and
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farming fish and keeping them in good health. Risk assessments are
statutory and are imposed by five regulatory authorities: The
Directorate of Fisheries, Food Safety Authority, Norwegian Maritime
Authority, Norwegian Labour Inspection Agency and the County
Administration. These bodies are responsible for the regulations re-
garding fish welfare, food safety, fish farm technical standard, vessel
design and equipment, health, work environment and safety, and the
environment. The relevant aquaculture legislation and regulations are
described in Holmen et al. (2017c) and summarised in Table 1.

2.3. Standards

The requirements for the technical condition of fish farms are de-
scribed in Norwegian standard NS 9415: Marine fish farms -
Requirements for site survey, risk analyses, design, dimensioning,
production, installation and operation (Standard Norway, 2009). Since
NS 9415 in itself is not regulatory for the aquaculture industry, the
Norwegian Ministry of Trade, Industry and Fisheries (2011) introduced
the "Regulation on technical requirements for floating aquaculture
plants" in order to ensure compliance with NS 9415. This regulation
states that aquaculture installations shall comply with the technical
safety level in NS 9415 (or similar) and this is to be certified by an
accredited body. The Directorate of Fisheries is the controlling au-
thority regarding the technical components of a fish farm. The standard
NS 9415 refers to NS 5814 for risk assessments (Standard Norway,
2008), and the requirements for risk assessments in NS 5814 are
thereafter brought into effect. For other areas the standard is voluntary,
although some companies have linked their internal risk assessment
requirements to NS 5814.

Table 3 shows the steps in the risk assessment process, according to
NS 5814. This process is aligned with the risk assessment process of ISO
31000, although not identical.

3. Current practice for risk assessments

3.1. Data collection

The methodological approach in this paper includes data collection
from several sources of information; interviews and observations in the
field, analysis of risk assessment documentation, as well as four work-
shops. The information obtained from participants in interviews and
workshops has been treated anonymously and has been handled ac-
cording to the principles of the Norwegian Data Protection Official for
Research (NSD, 2018). The methodological approach is described in
detail in Holmen et al. (2017c).

3.1.1. Interviews and observations
The interviews and observations aimed to assess the current risk

assessment practices at fish farms and on board service vessels.
Interviews with workers and observations took place during main-
tenance and/or daily operations in June and August 2015, June 2016,
and March and November 2017 on board four service vessels and at five
fish farms. The fish farms are owned by three of the largest Norwegian
farmers of Atlantic salmon and located in the three northern aqua-
culture regions of Norway. Two of the sites are owned by the same
company but located in different regions. The service vessels had been
chartered to perform maintenance on fish farm structures and moor-
ings.

The vessel crews, fish farmers and operational managers were asked
about their involvement in risk assessment and to explain how this is
implemented in work practices and safety precautions in daily opera-
tions. During the visits, samples of the risk assessment documentation
were checked. Additional interviews with HSEQ staff and managers
were conducted either by phone or in the informant's office. Table 2
shows the categories of informant, type and number of interviews.

Altogether 24 interviews were carried out, involving 30 persons

from six Norwegian aquaculture companies (fish farmers and service
providers). These companies vary in size from well-established en-
terprises with more than 1500 employees to companies of less than 100
workers. Meetings were arranged with two regional management
groups; the regional director, the technical manager, the production
manager and the HSEQ coordinator in each of two regions of one
company. The main purpose of these meetings was to present the
findings from the observations at their production units. During the
meetings, the management was asked questions regarding im-
plementation of risk management and mitigation measures.

The information gathered through the interviews and observations
provided us with an overview of current practices, deficiencies and
needs for improved risk assessment in aquaculture.

3.1.2. Documentation
Risk assessment documentation was also gathered from three fish

farming companies, in order to identify how the risk matrixes and
evaluation criteria were designed according to the regulatory require-
ments. The documentation is a combination of examples of risk as-
sessment matrixes, descriptions of risk acceptance criteria, and written
procedures describing how risk assessments should be performed in the
company. This is summarised in Section 3.3.

3.2. Analysis of current practices

This section presents the current practices of fish farming companies
regarding risk assessments and compares them with the requirements
set out in NS 5814. Table 3 lists the deviations between the re-
commended steps in the risk assessment process and the current prac-
tice in Norwegian fish farming. The qualitative data presented is based
on interviews and documentation from six companies (see previous
section). The company management is assumed to be committed to the
process in their risk management policy. HSEQ staff is often responsible
for developing templates or standard checklists as an assisting tool for
the operational managers at the fish farms or managers/skippers on
board the vessels, who are responsible for carrying out and doc-
umenting the risk assessments at their production units. A regional
management, which may include a production manager responsible for
the biological production, is usually responsible for the implementation
of the risk management policies approved by the company's top man-
agement. Our study revealed that at some locations the risk assessments
were conducted only at managerial level. Risk assessments should be
performed before production starts and revised yearly or more frequent
if changes are made to equipment, technical installations or operational
procedures.

Table 2
Informant categories, type and number of interviews.

Informant
category

Individual
interview at
workplace

Individual
interview by
phone/in office

"Group
interview" in
office

Fish farmer 4
Operational manager

fish farm
2

Service vessel crew 5
Operational manager

vessel
4

HSEQ
coordinator/
manager

1 4

Management group
(4 persons each)

2
(8 persons in
total)

General manager 2
Total 16 6 2
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3.3. Risk matrix design and risk acceptance criteria

The standard for risk assessments, NS 5814 (Standard Norway,
2008), states that the description of risks may be quantitative or qua-
litative, i.e. it is up to the company to choose the preferred method
(Table 3). All the companies that participated in this study use quali-
tative risk analyses and risk matrices to describe risks. The prevailing
approach is to describe risk as the product of potential consequences
and likelihood. The result is evaluated against risk acceptance criteria
expressed by the colours green (acceptable risk - no further action
needed), yellow (lowest acceptable risk – consider additional safety
measures) or red (inacceptable risk – risk-reducing measures shall be
implemented). The risk priority numbers (RPN) are suggested by per-
sonnel in the HSEQ department and decided by the management. One
of the companies performs risk assessments along eight consequence
dimensions: fish health, fish welfare, fish escape, human health and
safety, reputation, food threat, food safety, environment. Table 4 shows
examples of risk-matrix designs in three companies. The consequences

depend on the area analysed, and in Table 4, the consequences for
health, safety and work environment (HSE) are used for comparison.

3.4. Informal risk analyses

Safe job analysis (SJA) is a risk-analysis method that is performed to
identify potential hazards during operations, and to implement mea-
sures which reduce the risks (Rausand, 2011). SJA should ideally be
carried out by the work team prior to the operation, and is usually
carried out for less frequent, hazardous operations, dangerous routine
jobs or new procedures. Other triggers for a SJA might be a new vessel
or new operators participating in a complex operation. Important ob-
jectives of SJA are to make operators more aware of inherent risks, and
to discuss possible actions to mitigate undesired events.

SJA was originally a process comprising several steps and with
thorough documentation of the risk assessment of each task within the
operation (Rausand, 2011). Some fish farm companies have im-
plemented a template for a SJA “light”, which assumes that a risk

Table 3
The deviations between the recommended steps in risk assessment (RA) according to NS 5814 (Standard Norway, 2008) and the current practice in Norwegian fish
farming. The right column specifies which position/management level in the company who is responsible for the step.

Recommended steps in risk assessment process Deviations Responsible in company

1. Planning
1.1 Initiate process, define problem and scope -RA is not performed before decisions are made.

-There is no plan for the work.
-There is no description of the background for RA, which parties are involved and how
they could be affected.

Management
(decisions)
↓
HSEQ staff
(suggest, implement)

1.2 Organise the work, establish work group -No verification of whether there is agreement between the work, the requirements of
the standard and the management's specifications.
-The working group's competence relevant for the RA is not documented.
-The person responsible for RA is not necessarily familiar with the contents of the
standard.
-The management does not document that the RA has been carried out by competent
personnel.
-The management does not document that relevant stakeholders are involved.

Production manager
↓
Operational manager
(Assisted by HSEQ staff on
request)

1.3 Choose method and data sources -Company internal templates for RA are used, but the choice and sources of data for
risk analysis are not verified in writing.

HSEQ staff (preparation of RA
template)

1.4 Establish description of system and object to be
analysed, document conditions and assumptions

-The object of the analysis is not described in detail.
-There is no evaluation of whether premises, assumptions and simplifications are
reasonable and realistic.

Operational manager

2. Risk analysis
2.1 Identify hazards and undesired events -There is no documentation regarding potential undesired events that have not been

not further analysed (e.g. not relevant, minimal risk).
Operational manager

2.2 Analyse causes and likelihoods -The list of causes identified for each undesired event may not be complete.
-RA of technical systems are not complete with respect to human and/or organisational
aspects.
-There is no documentation verifying that the analysis has been performed at an
adequate level of detail based on the objectives and limitations of the RA, decisions to
be made, and availability of relevant/accurate data.

Operational manager

2.3 Analyse consequences -Short-term consequences are dealt with more thoroughly than long-term
consequences.
-There is no systematic consideration of existing measures which reduce the severity of
the consequences, or of other conditions that could influence the outcome of an
undesired event.
-There is insufficient documentation that verifies that the analysis is concluded at an
adequate detailing level based on the objective and limitations of the RA, decisions to
be taken, and availability of relevant/accurate data.

Operational manager

2.4 Risk description -The uncertainties are not assessed and included in the risk description. Operational manager

3. Risk evaluation
3.1 Evaluate risks against risk acceptance criteria -In some cases, the risk may be underestimated. Operational manager
3.2 Identify mitigating measures and their risk-reducing

effect
-The list of measures identified to eliminate, reduce likelihood or consequence of an
incident may not be complete.
-There is no documentation of the expected effect of measures.

Operational manager

3.3 Document and conclude -There is no documentation of conclusions from the RA to be used as the basis for risk
management.
-The documentation neither refers to literature/data sources, nor documents the work
process and the choices taken regarding methods, limitations, and possible need for
further work.
-Deviations from the standard is not justified.

Operational manager

The findings are summarised and commented in section 3.5.
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assessment for the work operation or procedure already exists. The
“light” version is then a way to remind the personnel of the operational
risks, as well as to update the procedure if it has been a while since it
was last used.

One of the companies in this study has a written procedure for SJA,
which states that SJA must be carried out ahead to all work operations
that a) are not already described in a procedure; b) have not been
conducted for a long time; and c) for which personnel lack relevant
experience/training. Another company calls all personnel in to a “pre-
operation meeting”, in which the risk assessments are presented and a
memo subsequently documents the content of the meeting. Some op-
erational managers have an informal meeting which has previously
been referred to as the “cup of coffee chat” (Holmen et al., 2017c).
Although such meetings are not a SJA as described in the literature, the
intention of the risk analysis method is achieved: bringing together all
operators, both in-house and hired services, reminding them of the
operational hazards, discussing responsibilities, sharing knowledge and
agreeing on safe job practices. When this study began, SJA was new to
several of the companies, and their staff had little knowledge of how to
run a SJA. However, during the two years of data collection, more
companies have started to do SJAs regularly and have established in-
ternal templates or checklists as a tool for their operations managers.

Some aquaculture companies report that planning operations is a
challenge, involving complexities due to changes in the weather, at-
tacks by fish parasites and other biological factors, as well as the
availability of experienced operators, well-boats or other essential
subcontractor services. The industry is therefore seeking tools to sup-
port good practices for operational planning. A systematic SJA process
in good time could therefore be a useful means of mapping and iden-
tifying the most important risk factors involved in the operation.

3.5. Summary of findings

The largest gaps between the recommended steps for risk assess-
ments in NS 5814 and current practice were found in the planning
phase, and regarding the involvement of workers in the analysis phase.
In many cases, risk assessments were not properly planned or given
sufficient priority during day-to-day farming and maintenance tasks.
The involvement of operators turned out to be in sufficient or com-
pletely lacking. This is an important part of the risk assessment pro-
cedure that needs be improved to achieve the regulatory requirement of
operator involvement in internal control (Norwegian Ministry of
Labour and Social Affairs, 1996).

In the risk analysis step, the hazards were listed but the chains of
events were not thoroughly described. Nor was it clear how well the
risk assessments were related to actual work practices. The persons
responsible for the risk analyses often had little if any documented
formal training. Moreover, the methods for identification of hazards
were often based on templates, which might not be connected to the
different operations which are the sources for the potential hazardous
events. In general, documentation of details in the work process,
choices and limitations taken, was not satisfactory according to this
standard.

All the companies that participated in our study employed semi-
quantitative descriptions of risks in matrices, and used worksheets to
keep track of possible hazards and their sources, causes, likelihoods and
consequences. The number of types of risk as well as the design of the
risk matrices differ somewhat between the companies. Neither the
consequence priority numbers nor likelihood grading (expressed as
frequencies) are standardised within the industry. Hence, the risk
priority numbers (RPN) vary significantly and are not comparable be-
tween the companies.

Sufficient involvement of operators may not be prioritised when
there are practical tasks that need to be done. This is compensated for to
a certain extent by the introduction of safe job analyses (SJA). An SJA is
carried out prior to operations that are regarded as being of particularlyTa
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high risk, because they are rarely performed, previously described in
written procedures (e.g. introducing new equipment or techniques), or
if the personnel have only limited experience of the particular operation
to be performed. SJA was gradually implemented in the fish farming
industry during the study period.

4. Improving risk assessment practice - closing the gaps

4.1. A new approach

In this section, suggested improvements are first described for each
main step of the risk assessment process, as described in NS 5814
(Standard Norway, 2008): planning, risk analysis and risk evaluation
(Table 3). This is then summarised in a stepwise recommended ap-
proach aimed at closing the most essential gaps identified during the
comparison with the requirements for risk assessments in NS 5814
(previous section).

4.1.1. Planning
To ensure that risk assessments are well anchored in the organisa-

tion, stakeholders must be properly involved in the planning process.
An organising team should be appointed by the top management and
given responsibility for planning and conducting the risk assessments. If
the risk assessment is performed at a fish farm, the operational manager
should be responsible. The safety representative elected by the em-
ployees, a duty statutory in the Working Environment Act (Norwegian
Ministry of Labour and Social Affairs, 2005), should also be involved. It
is necessary to have personnel experienced with risk assessments in the
group, e.g. HSE personnel. The group shall define problems and the
scope of the work and specify which types of risk are to be assessed. The
group should also decide on a method for hazard identification and risk
analysis, and this should be suitable for the data sources available,
system/object and risk type to be analysed. If a template for risk as-
sessment is used, feasibility must be assessed, and if necessary, revised.

4.1.2. Risk analysis
Current practice for the risk analysis step is close to the require-

ments of the standard, as is to be expected because it is usually regarded
as the "core" of the risk assessment process. The documentation of risk
assessments is largely based on this step. One necessary improvement is
to identify hazards and undesired events associated with the various
tasks that make up an operation, including the use of equipment.
Implemented risk-reduction measures must be taken into consideration.
Today’s prevailing practice is to pick these out from a template or to list
hazards and undesired events without the operational context, which in
itself might influence the risk level. A template should only be used as a
checklist for possible hazards or undesired events, as well as for possible
actions to mitigate risks.

4.1.3. Risk evaluation
The evaluation against risk acceptance criteria need not be a central

task for the entire work group, as in practice it might end up as a mere
"exercise" to avoid "red" entries in the risk matrix. The organising team,
and/or HSE personnel, may finalise this step. The contribution of op-
erators should be aimed at identifying additional safety barriers and
other mitigating measures in order to reduce the likelihood or con-
sequences of high risks, as well as prioritisation of measures. This task
should be prioritised when limited time is available for gathering all the
personnel involved. Operator participation in this step can be ensured
by involving the safety representative or another person representing
the operational staff. In many cases, the operations manager has con-
siderable experience with the operations, as he/she has often started
working as an operator. Table 5 is a stepwise summary of the suggested
improved approach for risk assessments in the industry. NS 5814 should
be used as a reference. The following section describes the testing of
this approach at four workshops.

4.2. Testing and evaluation of the approach: workshops

The improved approach outlined above was tested and evaluated in
four workshops with industry participants. The practical organisation of
the workshops have previously been described in detail by Holmen
et al. (2017c). The steps of the NS 5814 risk-assessment process were
followed, and the process was organised as shown in Table 6.

Table 7 (adapted from Holmen et al. (2017c)) lists the number and
category of participants in each of the workshops, as well as the service
vessel operations that were the topics of each workshop. These opera-
tions were identified as being of high operational risk, based on current
analyses of occupational accidents and fish escapes, as well as the
participants’ own experience and perception of hazards. All these op-
erations involve the use of winch and/or cranes. In workshop 3 it was
decided to analyse “preparations for fish transfer” and “maintenance
operations”, which include several of the other operations. Lifting of
coupling plates precedes anchor setting and/or tightening of moorings.
Delousing involves lifting of the sinker tube, which is also an initial
stage in the preparations for fish transfer. No templates were used in
any of the workshops. The risk analysis method in the workshops was
based on the preliminary hazard analysis described by Rausand and
Utne (2009). The focus for hazard identification was limited to risks to
personnel and escape of fish.

The above activities cover steps A–C in Table 5. The next step was to
gather operators and managers to do the risk analyses. Up to four op-
erations were analysed per workshop (Table 7). To do this efficiently,
the participants were divided into groups, each of which described one
operation. The groups were initially placed at separate tables (Holmen
et al., 2017c). After a while, the groups rotated to the next table and
added information to the description by the previous group. The work
operations (object of analysis) were thus described in detail by all the
participants, and a thorough description of the work tasks and involved
objects/tools was produced. The results showed that while the opera-
tions usually were performed in accordance with the written proce-
dures, a few major discrepancies at certain stages were also revealed.
These were dealt with as a part of the following risk analysis process.

The second assignment for the groups was to identify hazards and
undesired events associated with each operation described above (step
F in Table 5). Again, each group started on one operation, and rotated
to the next table until all the operations had been analysed. This was
repeated for the analysis of causes, likelihoods and consequences, and
identification of mitigation measures (step G). Steps G–J were finalised
in workshops 1 and 2, but were not fully tested in workshops 3 and 4. In
these workshops, each hazard/undesired event, possible causes and
consequences were assessed qualitatively. The priority in the work-
shops was to establish thorough descriptions of the operations, and to
identify hazards and undesired events associated with each task of the
operation. The operators were involved throughout the process of
listing existing safety barriers/measures and suggesting further risk-
reduction measures, as this also increased their understanding of how
safety can be improved in their daily work. The organising team
documented the process (step K).

5. Results and discussion

5.1. Current practices for risk assessments

5.1.1. Implementation challenges
The aquaculture industry is obliged to perform and document risk

assessments in accordance with the legal framework presented in
Table 1. Complying with requirements from five authorities is a time-
consuming and resource-intensive task. The priorities of the companies
involved in the interviews and workshops were found to be affected by
possible damage to the profits or the reputation of the industry. The
media's often negative attitudes to the fish farming industry has been
shown not only to influence the public, but also to limit the regulatory
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focus on sustainability to environmental risks (Olsen and Osmundsen,
2017). The present study shows that most efforts are put into the
documentation of actions to mitigate environmental hazards, i.e., fish
escapes.

Several challenges were identified regarding current risk assessment
performance. First, the companies find it difficult to allocate sufficient
time to gather all relevant personnel for risk assessments. As a result, at
some fish farms this may be done only at managerial level. Second,
some of the participants lack motivation and see it as an unavoidable
“exercise” to satisfy the demands of the authorities or their own man-
agement. Third, finalising the risk documentation is regarded as more
important than checking whether the significant risks are understood
and mitigated. Fourth, the scope of the risk assessments is broad. It may
take several days to perform assessments of all types of risk as regulated
by the authorities. Any prioritisation is affected by public opinion and
consumers’ concerns, and possible sanctions by the authorities. Fifth,
once the risk assessments have been finalised, the follow-up work with
detailing of action plans and improvements of procedures may not be

Table 5
Stepwise specification of the suggested improved approach for risk assessments in the fish farming industry. The suggested process aims to close the gaps identified
between current practice and the requirements in NS 5814 (Standard Norway, 2008).

Improved approach Comment

Planning
A Establish an organising team appointed by the company management. Include HSE personnel with training in risk assessments, who will be responsible for

documentation. The farm operational manager is responsible, and the safety representative
should be involved.

B Identify work operation(s) of high risk. Should be based on operational experience and incident reports.
C Decide which type(s) of risk to assess.

a If applicable, assess and revise template.
b Choose a suitable method for risk analysis according to the type of risk
to be assessed.

Should be specified in company risk management procedure; e.g. fish welfare, HSE, food safety
(see Table 4).

D Gather a group of operators and managers responsible for performing the
operations.

Workshop with operators: Mix fish farmers and service vessel crews if possible and relevant for
the operations involved.

E Describe operations at individual task level, including critical gear/
equipment used. Agree on safe job practices.

HSE personnel should update the written work procedure if deviations are identified and
justified.

Risk analysis
F Identify hazards and undesired events associated with each task/

equipment.
Workshop with operators.

G Analyse causes and likelihoods for each hazard/event, taking existing risk-
reducing measures into consideration. Analyse consequences.

Workshop with operators.

H Describe risks in terms of product of potential consequences and
likelihood.

Organising team may perform this step.

Risk evaluation
I Evaluate risks against risk acceptance criteria. Organising team may perform this step.
J Identify additional mitigating measures to be taken and evaluate their risk-

reducing effect.
Mitigating measures should be discussed at workshop. The organising team may perform the
evaluation of risk-reducing effects.

K Document risk assessment process. HSE personnel.

Table 6
The involvement of personnel in the risk assessment process.

Step in NS 5814 (Standard Norway, 2008) Organising team Workshop (operators, HSEQ staff and
managers)

HSEQ staff

Planning

• Initiate process, define problem and scope

• Organise the work, establish work group

• Choose method and data sources

• Establish description of system and object to be analysed, document conditions and
assumptions

X
X
X

X

Risk analysis

• Identify hazards and undesired events

• Analyse causes and likelihoods

• Analyse consequences

• Describe risk as a product of potential consequences and likelihood

X X
X
X
(X)

(X)

Risk evaluation

• Evaluate risks against risk acceptance criteria

• Identify mitigation measures, compare alternatives and their risk-reducing effect

• Document and conclude

X
X

(X)
X

(X)
(X)

Table 7
Work operations for risk assessments discussed in the workshops, including
number and category of participants: Managers (M), fish farmers (F), service
vessel crew (S), technology providers (T).

Workshop no.:
Participants:
No. of participants:
↓Operations

1
M F S
20

2
M F S
17

3
M F S T
12

4
M F S T
13

Clean floating collars x
Tighten moorings x x
Set and fasten anchors in seabed x x
Swim fish between net cages x
Mount nets in cages x
Lift coupling plates x x
Preparations for fish transfer x
Maintenance operations x
Lift sinker tube x
Remove old moorings x
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prioritised, giving the wrong signal back to the organisation that the
only point of the risk assessments is to satisfy the documentation re-
quirements in the regulations. These challenges are further addressed in
the following sections.

5.1.2. Variable quality and content
The information that we gathered through interviews and ob-

servations shows that the quality and implementation level of risk as-
sessments vary considerably, between both companies and different
sites run by the same company. Some companies, typically the larger
ones with well-established safety management functions and trained
staff to maintain the systems, have implemented computer-based, on-
line systems for quality and safety management, and have written
procedures on how to perform risk assessments, specifying the types of
risk that are to be included. The smaller companies are, so far, less
systematic in documenting the activities required of them. There are
also observations that suggest a lower level of implementation on board
service vessels than at fish farms. Several of our informants had not
personally been involved in the risk-assessment process, and work was
still under way to complete the risk assessments for some vessels. The
vessel operators explain that this is because they have less time avail-
able for safety management on board. The operations managers at the
fish farms also have more predictable working hours, in some cases
more or less “fixed” office hours, and have access to an office and to
online quality-management systems. Service providers are experiencing
a growing demand from fish farming companies to document work
operations and compliance with safety requirements, and this is likely
to be a driving force for subcontractors to the fish farming companies to
implement systematic risk management and risk assessments.

The risk assessments that we studied without exception are semi-
quantitative and are described in risk matrices. These are known to
have limitations, as they are mainly based on subjective assessments
that depend on individual experiences (Cox, 2008). Public reports on
fatalities, serious occupational injuries and fish escape may be used as
qualitative input to the assessments. As an easy tool to visualise and
document the outcome of the hazards identification and risk analysis
process, risk matrices serve their purpose for aquaculture companies, as
long as they understand their limitations.

5.1.3. Level of implementation
A recent survey of safety management practices among manage-

ment and office staff in the Norwegian aquaculture industry in-
vestigated several aspects of safety management implementation
(Kongsvik et al., 2018). A total of 135 persons from 15 companies
participated in a web-based survey, and risk assessment and SJA was
among the topics. For example, the following question was asked;
“Have formal risk assessments for the work at the fish farm been carried
out during the past four years?” As many as 98% of the respondents
responded positively to this, and 86% reported that all employees
participate in the risk assessments, while 81% said that risk assessments
are actively employed to reduce occupational risks. These numbers are
relatively high compared to the feedback from the participants in the
qualitative study described here. However, the survey was aimed at
managerial level, and the answers might well have been different if the
operator level had been asked the same questions.

The situation in the aquaculture industry regarding the risk of oc-
cupational injury does seem to be improving (Holen et al., 2018a), as
well as fish escape. Escapes of farmed fish have significantly diminished
since 2006 (Directorate of Fisheries, 2017b). The major cause of fish
escapes is holes in the net (Føre and Thorvaldsen, 2017), which in-
dicates that risk assessments should be focused around events which
lead to tearing of nets. One explanation for the reduction in escapes is
that the authorities have improved their inspection routines. Another is
that the industry, which is rapidly growing, needs to improve its re-
putation in order to recruit qualified workers. This increases the mo-
tivation for top management to allocate sufficient resources to risk

management. According to industry representatives, a fewer incidents
happen during complex operations than before, and this is explained by
improved routines for planning and comprehensive risk assessments.
However, the safety management survey showed that there still is room
for improvement (Kongsvik et al., 2018).

Compared to other ocean industries such as the offshore petroleum
sector, safety management systems in fish farming are not yet as com-
prehensive (Holmen and Thorvaldsen, 2015). Fewer resources are al-
located and motivation for performing paper-work is low. A more
practical approach to improving the impact of risk assessments, and in
turn risk management, would therefore be beneficial for this industry.

5.2. Closing the gaps

The following section, “Improved approach to risk assessments”,
discusses improvements regarding operator involvement and hazard
identification. Planning, time and resource allocation are addressed in
the section “Limited resources require efficiency and good planning”
(5.2.2). Different aspects of documentation are discussed in all sections.
Templates are specifically addressed in “Additional recommendations”
(5.2.3).

5.2.1. Improved approach to risk assessments
The intention of the risk assessment process is to systematically gain

a greater understanding of the risk situation in the work environment.
The operational staff have the practical experience, and they daily face
the hazards and make decisions to prevent accidents from happening.
As the improved approach recommends, their involvement should start
at the stage where the system is described, by mapping the stages in the
operations, which they know well, and thereafter by identifying the
hazards associated with each stage. Causes and consequences should
also be discussed in groups that include operators, managers and HSEQ
staff. Thus, if the managers follow up by documenting the process and
establishing a shared action plan for risk-reducing measures, an im-
portant part of the regulatory internal control will have been im-
plemented (Norwegian Ministry of Labour and Social Affairs, 1996).

The process of describing risks and evaluating them against risk
acceptance criteria can be finalised by the operational management
supported by HSEQ personnel. Decisions on which preventive measures
to prioritise are closely connected to budget discussions at management
level, and the suggested approach will ensure that the management is
familiar with levels of risk in the workplace. In audits or accident in-
vestigations, the risk assessments are used by the authorities as a
quality indicator of the risk management. They will also record which
risk-reducing measures the company has identified and perhaps im-
plemented. It is therefore essential that companies can document that
they have performed thorough risk assessments as the basis for miti-
gating risks inherent in the work environment on vessels and at fish
farms.

The workshops (Holmen et al., 2017c) produced detailed descrip-
tions and risk assessments of work operations and equipment, as well as
a list of preventive and risk-reducing measures. A common under-
standing of the work environments and operations was established
between the operators and managers. An example is how the coupling
plate should be lifted out of the sea. The correct way to do this is to
attach the crane to the chain which connects the buoy to the coupling
plate, and not lift the buoy itself, unless the buoy is certified for lifting.
The added hazards of this irregular procedure were thoroughly dis-
cussed. Differences in procedures might also be explained by the kind of
equipment that is available at each fish farm. Participants appreciated
having the opportunity to exchange their experiences across regions
and companies. This was an added value of the new approach. Industry
associations may take this further and develop industry standards for
risk assessments and knowledge sharing. The Norwegian construction
industry is a good example of this, as it has already developed a col-
lective standard for risk assessments of construction work; NS 5815
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(Standard Norway, 2006).
The most important improvement due to the approach presented in

this paper, compared to established practices, is the strong involvement
of the operators. This is a requirement described in the internal control
regulation. The use of group discussions and of documenting input on
flip-over sheets lowers the threshold for contributions from everyone.
Furthermore, the focus is shifted from lowering the RPN to acceptable
levels, towards a shared understanding of the need for measures that
can eliminate hazards or reduce the consequences of any incidents that
do occur. This approach thus supports the overall goal of the required
risk assessments, which is to identify means of reducing risk to fish
welfare, food safety, and technical and personnel safety at aquaculture
workplaces. These risk assessments can thus also be used as a tool for
operational planning, as well as a basis for safe job-analysis checklists.

Furthermore, the organisation of the workshop, with several groups
providing input to the different operations in turns, resulted in more
comprehensive recordings of the hazards than any group would have
produced on its own. This can be achieved in a company by gathering
operators from several fish farms and/or service vessels. This will also
be an arena for organisational learning, as the operators can exchange
experience and knowledge regarding safe and efficient job practices.
Finally, it is likely that needs and ideas for improved engineering so-
lutions that eliminates hazards are identified. The results of systematic
risk assessments are thus of high interest also to manufacturers of
equipment. This was demonstrated when technology providers were
invited to two of the four workshops (Holmen et al., 2017c).

5.2.2. Limited resources require efficiency and good planning
The greatest challenge to performing high-quality risk assessments

is probably that of allocating enough time to involve the operators
sufficiently according to the Internal Control Regulation (Norwegian
Ministry of Labour and Social Affairs, 1996) and NS 5814 (Standard
Norway, 2008). Competent and committed managers are required in
order to involve the operators properly. Qualified HSEQ staff should
ideally be of support to the operational managers during the risk as-
sessment process and be a driving force in the organising team. The
larger companies usually have such personnel available who could re-
lieve the operational manager from some of the planning activities. In
the smaller companies, several management functions may be gathered
on one person, thus making it hard to allocate time for a proper risk
assessment involving the operators. The suggested improved approach
is not less time-consuming; however, it can increase the efficiency of
the process in that a more comprehensive list of risks and mitigation
measures are documented. Furthermore, the learning outcome of the
process is likely to be greater because each operation and its inherent
hazards are analysed in detail: a common best practice is put in writing,
the operators take part in the identification and description of causes,
consequences, likelihoods, risks, risk-mitigating measures and evalua-
tion of their effect.

During the fish production phase, which lasts for approximately 18
months, there are few available time windows for this resource-in-
tensive work. Usually there are two teams at each fish farm working
shifts, although only one operational manager and at some farms, a
deputy manager. One strategy could be to treat risk assessment efforts
as a mandatory seminar and bring the off-duty team together away
from the fish farm for a couple of days. This can be done at intervals
until all relevant operations and components have been analysed.
However, this may come in conflict with the Working Environment
Act's regulations on the maximum permitted working hours per week
and month (Norwegian Ministry of Labour and Social Affairs, 2005).
The work shifts at fish farms are already carefully tuned to be in line
with the requirements (Thorvaldsen et al., 2017).

Another strategy would be to allocate time for updating risk as-
sessments between fish generations, which is normally a period of two
or three months. However, during this period of no fish to farm, major
maintenance activities to prepare for the new stock are scheduled, and

the focus is therefore on the technical aspects of planning the next
production cycle. The risk assessments are the basis for an efficient risk
management both at the fish farm as well as in the company. Ideally,
the company management should plan the production cycles so that the
fish farm personnel are also given sufficient time to update the risk
assessments.

5.2.3. Additional recommendations
Several of the companies that participated in this study have de-

signed templates which are adapted to each vessel or farm. Using a
template can increase the effectiveness of the risk assessment process,
since possible hazards, causes and consequences are already listed for
different systems and the template serves as a checklist. Regular up-
dates based on the outputs of risk assessments performed as re-
commended in this paper will improve both the content and the impact
of the templates. A thorough template based on best operating practice
could simplify risk assessment updates for complex operations, e.g.
when new technology or maintenance schedules are implemented, or a
new crew joins a vessel.

The use of safe job analysis (SJA) has increased during the past few
years, as it is recognised that this is a useful tool for a carrying out
systematic risk analysis in operations, i.e. stepwise mapping of hazards,
causes, consequences and risk-reducing measures associated with a
given work task or operation. However, at present, there are probably
as many versions of how to perform SJA, both in content and template
for documentation, as there are aquaculture companies. The petroleum
industry has introduced recommended guidelines for SJA (Norwegian
Ministry Of Trade, Industry And Fisheries, 2017). These guidelines
describe step by step how to conduct SJA, and could be adapted for use
in the aquaculture industry to establish a common procedure. An SJA
performed as described in these guidelines would to largely satisfy the
requirements in the planning and risk analysis steps of the risk assess-
ment process described in NS 5814. SJA is therefore a suitable meth-
odology for risk assessment of operations (see step C in Table 5).

As Section 2 mentioned, the regulatory requirements for risk as-
sessments are fragmented, as they are statutory instrument promul-
gated by five different authorities (Holmen et al., 2017c). Risk man-
agement is therefore dealt with in separate parts of company
management systems. These are also audited separately, although the
Directorate of Fisheries and the Food Safety Authority coordinate in-
spections because they are regulatory authorities for separate parts of
aquaculture legislation (Table 1). Yang et al. suggest that five dimen-
sions of risk should be considered in a single risk-management system;
risk to personnel, risk to material assets, risk to fish welfare, risk to the
environment and food safety. There is thus a potential for merging the
requirements of the individual sets of regulations into a unified man-
agement system. The aquaculture industry should be encouraged to
establish common regulations and guidelines for a holistic risk-man-
agement system, which would combine all relevant types of risk.

6. Conclusions

This paper describes and discusses the implementation of risk as-
sessments in the Norwegian aquaculture industry, and compares the
current practice with the recommendations in the Norwegian standard
NS 5814 (Standard Norway, 2008). An improved approach to risk as-
sessment was suggested and evaluated.

Previous studies show that the Norwegian aquaculture industry has
safety challenges which could be mitigated by systematic risk man-
agement, of which risk assessment is a core activity. An aquaculture
industry standard for risk management across the regulatory disciplines
is lacking, while other sets of regulations may include safety require-
ments that address similar objectives. This results in a fragmented ap-
proach to risk assessments. Practices for risk assessments differ greatly
between companies in the Norwegian aquaculture industry. There is
therefore a potential for making significant improvements to the
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situation by implementing a systematic and standardised approach to
risk assessments.

The comparison between the recommended steps for risk assess-
ments in NS 5814 and current practice found the largest gaps in the
planning phase, and regarding the obligatory involvement of workers in
the risk analysis phase. Operator involvement was often either in-
adequate or missing. Furthermore, the link between operations as a
source of risk and risk assessments was not clear, especially if the
template did not support the breakdown of operations into tasks.
Finally, documentation was unsatisfactory according to the require-
ments in the standard.

We developed and tested an improved approach to risk assessment
based on preliminary hazard analysis in cooperation with the aqua-
culture industry (Holmen et al., 2017c). The largest difference com-
pared to current is that our approach describes each operation in detail,
assesses the hazards, describes and evaluates the risks associated with
each task, instead of merely listing general hazards and assigning risk
levels to them. Hazards associated with known high-risk operations as
cranes and winches were thus described in the relevant context. This
approach will increase the likelihood for identifying possible new ha-
zards arising if the lifting operation is changed or if the crane is used in
a new setting. This approach has been tested and evaluated in a series of
workshop and demonstrated a high level of involvement by the op-
erators. The outcome of the process was not merely a comprehensive
list of hazards and mitigating actions. According to the operators, they
appreciated the opportunity to discuss best practices with colleagues
and operators across regions and companies. Thus, the improved ap-
proach as described in this paper also contributed to an improved
common understanding of how operations should be performed with
safety in mind.
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Identification of safety indicators in aquaculture operations based on fish 
escape report data 
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A B S T R A C T   

Finfish farming is the most common aquaculture mode in Europe. In Norway, the industry faces sustainability 
challenges. One major challenge is fish escape, which is a threat to both the environment and the industry’s 
reputation. The more complex the operation, the greater the risk of escape, and their safety management needs 
improvement. A recommended strategy is to implement a safety indicator programme to monitor the risk levels 
before, during, and after an operation. 

The main objective of this study is to identify risk influencing factors (RIFs) and develop safety indicators for 
fish farm operations based on accident reports, using a qualitative graphical network to visualise and systematise 
causal chains. We have used a six-step methodology to develop safety indicators that can be applied to the case of 
fish escape: 1) The study was limited to fish escape accidents caused by the hazardous events hole in the net and 
submerged net. 2) Operations of high risk were identified, and chains of events were established, starting with 
these operations and ending with the accident (fish escape), based on fish escape report data and accident an-
alyses. 3) A qualitative Bayesian network (BN) was drawn to specify the influence between the contributing 
causes and conditions in the causal chains. 4) RIFs were identified based on the BN (seven environmental, four 
organisational, eight operational, and 12 technical). 5) Safety indicators were developed to measure the con-
dition of the RIFs. Update frequency of indicators, methods of measurement, and recommended states were also 
suggested. 6) The safety indicators were evaluated according to the chosen quality criteria. Based on the resulting 
list of safety indicators, we suggest a safety indicator programme for the operation fish crowding. 

The causal chains, RIFs, and safety indicators can also be used as a supplement in internal audits and quality 
improvement work, development of preventive measures, and training of fish farm personnel.   

1. Introduction 

1.1. Background 

The aquaculture sector is the fastest-growing food industry globally 
(FAO, 2018), and has overtaken capture fisheries in terms of mass- 
produced seafood in 2014 (Clavelle et al., 2019). In Europe, finfish 
farming is the most common aquaculture activity. Atlantic salmon and 
trout together account for 99.6% of the total biomass production in 
Norway (Holmen and Thorvaldsen, 2018). Atlantic salmon is by far the 
dominant species in Norwegian sea-based farming, accounting for 93% 
of it. Norway is the number one global producer and exporter of farmed 
Atlantic salmon (FAO, 2019). 

Although aquaculture is being presented as a solution to the future 
global food gap, some major safety challenges must be overcome to 

enable sustainable growth in the industry. Due to these obstacles, the 
Norwegian aquaculture production has stagnated over the last few 
years, and the production cost has increased (Directorate of Fisheries, 
2019). There are multiple challenges. The technology must be improved 
to enable safe and environmentally friendly production at offshore 
production sites (Bjelland et al., 2015), and to prevent fish escapes, 
which might be a threat to the wild salmon stocks and might create 
occupational and financial risks (Jensen et al., 2010; Thorvaldsen et al., 
2015). Other challenges are connected to negative publicity about food 
safety and the sustainability of the industry (Olsen and Osmundsen, 
2017). Fish welfare is also a concern, and levels of pests such as sea lice 
should be monitored regularly (Nilsson et al., 2018). Furthermore, there 
are health and safety issues when it comes to occupational risk in marine 
operations (Holen et al., 2018a; Holen et al., 2018b; Thorvaldsen et al., 
2020). From a holistic perspective, there are five dimensions of risk to be 
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considered: risk to material assets, to personnel, to fish welfare, to the 
environment, and to food safety (Yang et al., 2020b). Risk management 
strategies should integrate all these dimensions, as well as the sustain-
ability perspective (Utne et al., 2017). 

When operations continue for hours or days, additional safety mea-
sures are needed to capture hazards emerging from changing opera-
tional conditions. Furthermore, risk reduction strategies may be 
different during the phases of operation planning and operation execu-
tion, or if an emergency occurs (Yang and Haugen, 2015). Risk levels 
should therefore be monitored during the operation, either continuously 
or at intervals, to provide updated information for qualified decision 
support about how to improve operational safety. 

Safety indicators are observable measures used to monitor the con-
dition of technical systems, to measure personal safety levels, and to 
assess the safety management and practices in organisations (Kongsvik 
et al., 2018). Safety indicators and risk factors may be identified from 
different sources, such as accident registrations, accident investigations, 
audit reports, nonconformity databases, hazard identifications, risk as-
sessments, and expert judgments from experienced operators and 
managers. The practical use of safety indicators to detect increasing risk 
and give early warnings is important in the working life (Kongsvik et al., 
2018). Safety indicators have been developed in the oil and gas industry 
to measure the changes in safety levels as a function of time, so as to 
identify increasing risk of, for example, blowouts (Skogdalen et al., 
2011). 

The governance of the fish farming industry today uses a few 
standardised safety indicators. They are used by the regulatory author-
ities to manage sustainable growth in the industry, and by companies to 
plan operations, monitor fish welfare, and improve internal procedures. 
The numbers of occupational accidents and injuries are recorded by the 
Norwegian Labour Inspection Agency and the Norwegian Maritime 
Authority, which are responsible for health, safety, and the work envi-
ronment at fish farms and on-board vessels, respectively. The environ-
mental impact of fish farming is regulated by the County 
Administration/Governor at a regional level, based on systematic mea-
surements of the benthic impact of each fish farm (Standard Norway, 
2016). Fish welfare indicators, like water quality, oxygen levels, tem-
perature, and salinity, have to be systematically monitored by the fish 
farmer to ensure good living conditions for the fish (Ministry of Trade 
and Fisheries, 2018). The salmon lice levels are used as an indicator for 
fish welfare by the Food Safety Authority (Ministry of Trade and Fish-
eries, 2016). They are also used by the government to decide whether to 
increase the farmed fish biomass capacity in the production zones of 
Norway (Kristoffersen et al., 2018; Ministry of Trade and Fisheries, 
2017a). The Directorate of Fisheries is the regulatory authority for the 
aquaculture industry in Norway, which issues licences to operate and 
monitors fish farm structures and fish escape. All fish escapes must be 
reported, including the number of lost fish, the type of fish farm, and the 
direct and contributing causes. The Directorate uses this information to 
improve the regulatory requirements and to highlight the hazards that 
the fish farmers should take precautions against. Fish escape events are 
related to both production loss and insurance claims (Jackson et al., 
2015), potential penalties and a major reputational risk to the industry. 
Prevention of escapes hence also have considerable economic incentives 
within the fish farming companies. The mitigations have traditionally 
targeted technological and procedural improvements, but changes to the 
risk levels during operations are still unknown. 

The operations are often complex, and many factors influence the 
operational risk level (Holmen et al., 2017b; Holen et al., 2018c; Yang 
et al., 2020b; Utne et al., 2017; Yang et al., 2020a). For example, the 
wind direction affects the success of a crane operation, and if the wind is 
a problem, the operators have to decide either to postpone the operation 
until the wind has changed, or moor the service vessel in a favourable 
position to minimise the negative effects. Experienced operators on the 
fish farm already know this, although it might not be documented in a 
written procedure. When there are many risk influencing factors, a more 

systematic tool is needed to identify hazardous conditions and possible 
preventive actions, but such a tool does currently not exist for use in the 
aquaculture industry. The key question is, Which important risk influ-
encing factors and safety indicators should be monitored in order to 
prevent hazards and reduce the negative consequences of an hazardous 
event? 

1.2. Objective 

The main objective of this study is to identify risk influencing factors 
and safety indicators in fish farm operations. The methodology is based 
on accident reports, and a qualitative network is used to visualise and 
systematise causal chains. 

A systematic approach to identifying risk influencing factors will 
increase the knowledge of operational hazards and undesired events and 
hence be used to improve safety management in aquaculture companies. 
Furthermore, the safety indicators can support decision-making about 
targeted and effective risk reduction measures during operations. This 
study is based on fish escape events, which are related to fish welfare 
and environmental impact. However, the operations also involve risks to 
workers, fish farm structures, equipment, and vessels. 

2. Assessment and monitoring of operational risk 

2.1. Current Norwegian fish farm technology 

A good understanding of the technology and operations is needed to 
identify the hazards and operational challenges in today’s fish farming. 
The typical salmon farm consists of a feed barge and 10–12 net cages, 
each containing up to 200,000 salmon (Holmen et al., 2018). At present, 
cylindrical net cages are the most common type used in Norwegian fish 
farming. Fig. 1 is an illustration of a typical fish cage. The net cages are 
22–100 m in diameter, 70–314 m in circumference, and 15–30 m deep. 
The upper part is fastened to a collar made of black polyethylene tubes, 
which keeps the cage floating in the water and creates a circular open-
ing. The floater consists of double collar tubes and a handrail tube. A 
gangway is attached to top of the floater to ensure safe access around the 
net cage. The net cages are moored to a grid of heavy-duty ropes, with 
coupling plates joining the cages and mooring lines together. The outer 
frame of the mooring grid is anchored to the sea bottom. The bottom 
weight is an important part of the stretching system, which maintains 
the cylindrical shape of the net cage. It consists of a circular sinker tube 
fastened to the bottom part of the net. The bottom weight is also con-
nected to the upper part of the net cage with vertical ropes used to lift 
the stretching system when crowding the fish. These operations are 
carried out with cranes from service vessels moored alongside the net 
cage. 

Regular maintenance of the net cage is important to keep the fish safe 

Fig. 1. Illustration of a circular net cage with attached components (permission 
from Scale AQ). 
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and healthy. The operations related to the fish production are conducted 
by the fish farmers (e.g., daily monitoring the fish welfare, feeding, lice 
counting, removal of mort), while specialised service vessels and crews 
perform most of the periodic maintenance tasks (e.g., removal of 
biofouling on the net pen, maintaining the moorings, delousing). Large 
well boats are hired to transport fish to and from the fish farm, and to 
assist during delousing operations or disease treatment. It is necessary to 
manage the risks related to both the fish farm technical conditions and 
the manned operations. 

2.2. Important concepts 

Four decades ago, Kaplan and Garrick (1981) defined risk as the 
combined answer to three questions: 1) What can go wrong? 2) What is 
the likelihood of that happening? 3) What are the consequences? This 
definition will be used in this paper. Meanwhile, safety is defined as ‘a 
state where the risk has been reduced to a level that is as low as 
reasonably practicable (ALARP) and where the remaining risk is 
generally accepted’ (Rausand and Haugen, 2020). Hence, safety is a 
function of risk. 

Risk information can be provided through the monitoring of risk 
influencing factors (RIFs). Øien (2001b) defined a RIF as ‘an aspect 
(event/condition) of a system or an activity that affects the risk level of 
this system/activity’. In this paper, the general definition by Rausand 
and Haugen (2020) will be used: ‘Risk influencing factors are background 
factors that influence the causes and/or the development of an accident’. 
According to this understanding, RIFs may be used both in qualitative 
and quantitative models. 

Several risk influence frameworks have been developed during the 
past decades, as reviewed by Yang et al. (2017). They can be made using 
updated accident and hazardous event data; alternatively, they can be 
made using predefined sets based on historic accident data, statistics, 
expert opinions, safety management systems, accident investigation 
reports, risk assessments, organisation theories, and human perfor-
mance/reliability analyses, or a mix of several of these. Accident models 
are frequently used to identify factors influencing an unwanted occur-
rence (Kjellen and Albrechtsen, 2017). 

The RIFs may, and ideally should, belong to several categories 
covering all relevant risk-influencing information during an operation or 
at a production plant. In the 1990s, organisational factors were inte-
grated into risk analyses, in addition to technical factors and human 
errors (Øien, 2001a). In the development of the barrier and operational 
risk analysis method (BORA), five RIF groups were explored: human, 
task-related, technical, administrative, and organisational (Aven et al., 
2006; Sklet et al., 2006). Yang et al. (2017) identified different factors 
influencing technical and human safety performance, and grouped them 
as shown in Table 1. 

2.3. Safety indicators and approaches 

Indicators are measurable operational variables that describe the 
condition of the RIFs (Øien et al., 2011a). There are two types of in-
dicators: risk indicators for use in quantitative risk models (Øien, 2001b; 
Haugen et al., 2011) and safety indicators (Øien et al., 2011b). 

Safety indicators are identified based on sources other than risk 
models, e.g., incident-based approaches, and are used to measure past, 
present, and future safety levels (Øien et al., 2011a). Safety performance 
indicators are also used to measure the accident risk control perfor-
mance in enterprises (Kjellen and Albrechtsen, 2017). In this paper, we 
use fish escape data to identify risk factors, but do not establish a 
quantitative risk model; therefore, the operational variables developed 
here will be referred to as safety indicators. 

Safety indicators may be used to measure safety performance related 
to different elements of the workplace system, including personal, 
technical, and organisational safety (Kongsvik et al., 2018). In addition, 
human and operational safety indicators should be included to catch the 

risk influencing factors emerging from the activity itself (Yang et al., 
2017). 

Safety indicators are often divided into leading and lagging safety 
indicators, although the difference between them in practice has been 
contested (Hale, 2009; Hopkins, 2009; Wreathall, 2009; Øien et al., 
2011a). Leading safety indicators measure the risk control performance 
and the factors contributing to unwanted occurrences, while lagging 
indicators measure the consequences of incidents in terms of losses 
(Kongsvik et al., 2018). The terms proactive (leading) and reactive (lag-
ging) safety indicators are also used (Øien et al., 2011b). Kjellen and 
Albrechtsen (2017) present another approach, categorising safety in-
dicators according to the three main parts of an accident analysis 
framework: 1) indicators derived from causal factors (contributing fac-
tors and root causes of the accident); 2) indicators related to process 
safety performance (aspects of the accident sequence); and 3) loss-based 
indicators (measures of injuries, substance leaks, structural failures). 

The UK Health and Safety Executive (HSE, 2006) have based their 
proposed safety indicator programme on a small number of critical risk 
control systems, or barriers, as illustrated in the Swiss cheese model by 
Reason (1997). The method emphasises the importance of a dual 
assurance approach. This means that for each risk control system, or 
safety barrier, there is one lagging indicator for the outcome of the 
process, and one associated leading indicator that is used to measure the 
success of the control activity. The idea is that these twin sets of in-
dicators provide the safety management system with updated informa-
tion on the safety performance of the activity itself (active) and on the 
outcome of the activity (reactive). Hence, dual assurance should be 
considered when the indicators are related to safety barriers. 

Safety indicators have been implemented in aviation and in the 
chemical processing, nuclear power, and petroleum industries to 
monitor safety performance (Øien et al., 2011b). An example is the Risk 
Level project (RNNP) for Norwegian oil and gas industry (PSA Norway, 
2019). The aim is to control health, safety and work environment risks 
for personnel during offshore installations (Vinnem et al., 2006). The 
first study was conducted in 2001, and after that, annual analyses of 
barrier performance and of technical and personal safety have been 
performed. Questionnaires and interviews are conducted every second 
year to assess the safety climate, which supplements the quantitative 
indicators in RNNP. A study has shown that safety climate parameters 
are significantly correlated with gas leaks (Vinnem et al., 2010). This 
study documents the importance of investigating human and organisa-
tional factors as contributing root causes for major accidents and for 
occupational accidents. 

There are four main approaches to developing safety indicators (Øien 
et al., 2011b): 

Table 1 
Categories of risk influencing factors (RIFs) for technical and human safety 
performance, as presented in the review by Yang et al. (2017).  

RIF group Description 

Indirect 
organisational 

Root causes for system risk/accidents. E.g., safety culture, 
risk management, human resource management. 

Direct organisational Organisational factors affecting the performance of the 
workers. E.g., training, communication. 

Operational 
management 

Support functions for scheduling and structuring the team’s 
work during an operation. Overlaps partly with direct 
organisational RIFs. E.g., work practice, procedures, 
planning. 

Personal/individual 
level 

Individual characteristics of an operator. E.g., competence, 
knowledge, workload. 

Task characteristics Characteristics of the activity itself. E.g., methodology, 
complexity, time pressure. 

Technical system Factors affecting the condition of the equipment, technical 
systems, or their components. E.g., material properties, 
human-machine interface (HMI), maintainability. 

Environment Physical environmental factors which may affect the 
performance of both humans and technical systems. E.g., 
weather conditions.  
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1. Using safety performance as a basis (e.g., number of hazardous 
events, barrier failures, deviations, errors, compliance with safety 
regulations). See, e.g., HSE (2006), Kongsvik et al. (2010), Holmen 
et al. (2017b).  

2. Deriving risk indicators from quantitative risk assessments and risk 
models; e.g., Øien (2001b), Haugen et al. (2011), Vinnem et al. 
(2012).  

3. Implementing the incident-based or retrospective approach through 
accident investigation methods; e.g., Leveson (2015), Kjellen and 
Albrechtsen (2017), Holen and Utne (2018), Yousefi and Rodriguez 
Hernandez (2020).  

4. Applying resilience theories (Øien et al., 2010; Thieme and Utne, 
2017). 

The strategy should be chosen based on the intended use of the in-
dicators, the quality and extent of the available data, and appropriate 
quality criteria (see the next section). In this paper, a combination of 
strategies 2 and 3 was used. The identification of hazards and chains of 
events was based on a national database of aggregated accident report 
data; i.e., the analysis was incident-based (strategy 3). Information on 
contributing conditions and causes was extracted from the database and 
illustrated using a qualitative Bayesian network (BN) approach, which is 
a modification of strategy 2. The causal analyses on human, technical, 
and organisational contributing factors, suggest multiple cascading 
chains of events. This approach captures and systematises a range of 
causal chains, which can be used to identify risk influencing factors and 
subsequently derive safety indicators. It is based on learning from 
multiple incidents, and is therefore suitable for developing safety in-
dicators on an industry level. The original strategy 2, to develop a risk 
model, would imply a simplification of the real-world complex causal-
ities found in the data, and important RIFs might hence be hidden. 

2.4. Quality criteria for safety indicators 

Several suggestions for evaluation criteria can be found in the liter-
ature on safety indicator development. Five examples are presented in 
Table 2. The SMART principle, which stands for specific, measurable, 
achievable, relevant, and time-related, was originally developed to 
formulate objectives for general management (Doran et al., 1981). 
Kjellen and Albrechtsen (2017) focus on safety (performance) indicators 
for feedback control, and have adopted the criteria suggested by Tar-
rants (1980): 1) Observable and quantifiable; 2) Valid indicator for the 
risk of loss; 3) Sensitive to change; 4) Compatible; 5) Transparent and 
easily understood; and 6) Robust against manipulation. 

These criteria duplicate the SMART principle to a large extent, except 
for sensitive to change and robust to manipulation. It is important for 
proactive indicators to give early signs of a deteriorating safety level, e. 
g., during operations or during a production process. Furthermore, if the 
indicator is used by the management to, for example, release bonuses, 
the workers and local managers might be tempted to manipulate the 
data or discourage incident reporting (Kjellen and Albrechtsen, 2017). 

Haugen et al. (2011) looked into criteria suggested for risk and safety 
indicator development in the oil and gas sector and chose the following: 
validity, quantifiable, regular monitoring, and sensitivity to change. 
Holen and Utne (2018) also addressed indicator quality through 

questions in their framework for fish farming based on the ‘System 
Theoretic Process Analysis’ (Leveson, 2015): 1) Is the indicator data 
already collected, or can it be collected? 2) Is the safety relevance of the 
indicator understandable/agreed upon by the end users? 3) Is the indi-
cator objectively measurable? 4) Is the indicator robust against 
manipulation? 

3. Method 

3.1. Development of safety indicators 

The approach in this paper is a modification of the method developed 
by Haugen et al. (2011). Accumulated incident-based data and risk an-
alyses are used to illustrate chains of events in a qualitative BN, which 
are then used to identify risk influencing factors and develop safety in-
dicators. (For more on BN, see, e.g., Rausand and Haugen (2020)). This 
procedure is a combination of strategies 2 and 3 from Section 2.3. The 
risk model in strategy 2 is replaced with a qualitative BN, and the nodes 
in the BN consist of causal factors and conditions extracted from acci-
dent report data (strategy 3). The influences between the nodes are 
determined from accident and risk analyses. The approach can be used 
to map the factors that influence risk based on several aspects: risk for 
fish escape, occupational accidents, environmental risk, risk to material 
assets, and food safety. 

The steps of the method are as follows:  

1. Identify the causes of the type of accident to be examined. Using the 
available accident reports, identify the environmental, technical, 
operational, and organisational conditions, and the hazardous events 
that affect the risk level.  

2. Which work operations are the events connected to? Identify the 
operations of high risk.  

3. Define/draw a Bayesian network for the accident to illustrate causal 
chains. All conditions/events are illustrated with individual nodes, 
and the influence between them is illustrated with directed arcs.  

4. Identify the risk influencing factors (RIFs) for each condition/event 
contributing to the accident.  

5. Identify safety indicators to measure the condition of each RIF, and 
specify the states for the indicator.  

6. Evaluate the safety indicators according to the chosen quality 
criteria. 

Section 4 describes the steps in more detail as applied to the case of 
farmed fish escapes. 

3.2. Data collection 

The method is used with the undesirable event of escape of fish. This 
application was selected because the authorities had pointed this out as 
one of the two main challenges in the fish farming industry (Ministry of 
Trade and Fisheries, 2015), and a national strategy has been launched to 
meet this challenge (Ministry of Trade and Fisheries, 2017b). Fish es-
capes have been the subject of accident investigations at a national level, 
both by the authorities and by researchers (Directorate of Fisheries, 
2020; Thorvaldsen et al., 2015; Føre and Thorvaldsen, 2021). 

Table 2 
Safety indicator criteria retrieved from scientific literature.  

Reference Doran et al. (1981) Haugen et al. (2011) Leveson (2015) Kjellen and Albrechtsen (2017) (Tarrants, 1980) Holen and Utne (2018) 

Criteria Specific 
Measurable 
Achievable 
Relevant 
Time-related 

Validity 
Quantifiable 
Regular monitoring 
Sensitivity to change 

Complete 
Consistent 
Effective 
Traceable 
Minimal 
Continually improving 

Observable and quantifiable 
Valid indicator for the risk of loss 
Sensitive to change 
Compatible 
Transparent and easily understood 
Robust against manipulation 

Data exist or may be collected 
Relevance understood and agreed upon 
Objectively measurable 
Robust against manipulation 
Unbiased  
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In Norway, fish escape incidents must be reported to the Directorate 
of Fisheries, who analyse the reports according to number of fish lost, 
the type of fish farm, the operational and technical contributing causes, 
and the sea and weather conditions at the time of the incident. The aim is 
to assess the regulations and develop recommendations for the industry 
regarding mitigating measures, as well as to identify focus areas for the 
Directorate’s risk-based inspections in the fish farming industry. 

This study uses data from the original reports submitted by the fish 
farm companies, gathered in a worksheet for further internal analysis. 
The Directorate has provided access to the aggregated fish escape report 
data from the years 2010–2016, as well as to the original accident re-
ports. In this material, the Directorate have used the following cate-
gories for the coarse sorting of the fish escapes: external cause, 
operational cause, structural cause, unsolved cause, not relevant. 

The identified RIFs and proposed safety indicators in our study were 
discussed in detail with three operational managers in three Norwegian 
fish farming companies. We noted their expert judgement to use as input 
for steps 5 and 6 of the method. Operational managers are the local 
general managers, and are responsible for quality and safety in their 
workplaces. One of the operational managers consulted in this study 
worked on a service vessel, and was responsible for the vessel and for the 
crew performing specialised servicing and maintenance operations at 
the regional fish farms owned by the company. The other two opera-
tional managers worked at salmon farms, and were responsible for 
personnel, daily tasks, fish welfare, and maintenance operations during 
the production cycle. Each consultant had more than 10 years’ experi-
ence in the fish farming industry. 

4. Results 

This chapter summarises the results from applying the methodology 
on fish escape. To develop a complete list of RIFs at a fish farm, the 
method should also be applied to fish health and welfare, safety and 
health of the workers, the external environment, material assets, and 
food safety, but that is beyond the scope of this paper. 

The results are summarised and presented in Appendix 1, which will 
be referred to several times in the following sections. 

4.1. Step 1 – Identify the causes of the accident 

The accident to be examined is the escape of farmed salmon and trout 
from Norwegian fish farms. A systematic analysis of confirmed escapes 
from Norwegian fish farms during the years 2010–2016 shows that the 
main direct causes for salmon and trout escape are a hole in net, a 
submerged net, leakage from tubs, and loss of fish during transport (to 
and from fish farms, hatcheries, and processing plants) (Føre and 
Thorvaldsen, 2017). During these years, there were 218 fish escape 
events, with a total of 1,770,000 escaped salmon and trout. The most 
common direct causes of escapes are defects in the main barrier, the net 
cage. In 102 events, when 76% of the fish escaped, it was through a hole 
in the net. The number two direct cause, submerged net, occurred in 13 
incidents (16% of the escaped fish). Number three was leakage from tubs 
on land facilities (smolt production or similar), which caused 15 of the 
incidents (7% of the escaped fish). Loss of fish during transport 
happened 44 times; however, only a small number of fish escaped in 
each event, accounting altogether for 1% of the total escapees. 

In brief, during the years 2010–2016, more than half of the incidents 
and 92% of the escaped fish were caused by a defect in the main physical 
barrier, such as a hole in the net or a submerged net cage. These two 
types of events are related to essential production and maintenance 
activities at the fish farm. It was therefore decided to further limit the 
study in this paper to these two hazardous events. 

4.2. Step 2 – Describe the work operations of high risk 

Previous studies identify specific fish farm operations with increased 

risk of fish escape (Jensen et al., 2010; Sandberg et al., 2012; Thor-
valdsen et al., 2015). These are crane operations, operations with well- 
boats moored to the fish cage, and operations on the net cage structures 
when crowding fish, which means reducing the volume of the cage by 
lifting the bottom weight system attached to the net cage. Their common 
characteristic is strong forces being used either on or near the net cage 
with its attached structures and moorings. The operations were analysed 
in depth during a workshop, confirming that the operations are 
considered critical by the fish farm and service vessel workers when it 
comes to risk for both fish escape and personnel safety (Holmen et al., 
2017a). 

Using the escape reports provided by the Directorate of Fisheries, we 
extracted the information on the type of operation performed before or 
during the fish escape. This had not been documented for every incident; 
however, there was enough information to link every operation to a 
chain of events (see next section, step 3). The main operations identified 
were well-boat operations, fish crowding, delousing with a tarpaulin, net 
cleaning, net replacement, daily operations, and service operations. 
Furthermore, these operations also involve work tasks that are con-
nected to the hazardous events. These are mort collection equipment 
handling, bottom weight handling, handling of the float line, vessel mooring, 
and net repair. Some of these work tasks, e.g., vessel mooring, are 
involved in several of the main operations. Handling of the float line is a 
crucial step in the fish crowding operation. Net repair is a frequent task 
in service operations, and failures during this task has been reported as a 
cause of a hole in the net leading to fish escape. 

4.3. Step 3 – Develop a Bayesian network for the accident 

The BN illustrates the influence of the contributing causes on the 
hazardous events from step 2, and is used to identify RIFs and safety 
indicators. The visualisation of the chain of events is used to capture 
contributing causes that might not be evident to the managers or to the 
operator at the sharp end. Fig. 2 shows the resulting BN based on the 
contributing causes of the hazardous events a hole in net and a submerged 
net as recorded in the fish escape reports. The available causal analyses 
of these incidents were used as inputs to describe the chain of events, 
and to clarify the hazards, failures, and conditions to be included as 
nodes in the network (Føre and Thorvaldsen, 2017; Thorvaldsen et al., 
2015; Thorvaldsen et al., 2018; Holmen et al., 2017a). In addition, 
environmental conditions that influenced the risk levels in the registered 
events were identified, i.e., bad weather, waves, wind, water currents, 
fog, precipitation, darkness, flotsam, and predators. 

The layout of the network has been chosen to show the connections 
between the main operations (parent nodes to the left), important work 
tasks, indirect causes and conditions, and the direct causes leading to the 
failure of the net barrier (hole in net or submerged net). The interme-
diate nodes/influencing conditions were sorted into environmental, 
organisational, operational, and technical categories, and these are 
shown in different colours in Fig. 2. The BN is not quantifiable, as the 
purpose is to identify relations between the risk factors for use in safety 
indicator development. Table 3 summarises the underlying factors 
(hazards, failures, and conditions) identified for the main causal chains. 

4.4. Step 4 – Identify risk influencing factors (RIFs) 

The contributing causes, failures, and other conditions in the causal 
chains illustrated in the BN were generalised into a set of risk influencing 
factors (RIFs). The RIFs were formulated so as to represent the nodes in 
Fig. 2. According to the definition in Section 2.2, these RIFs are different 
aspects or conditions of the fish farm material assets, production facil-
ities, organisation, and operations, which influence the development of 
the hazardous events a hole in the net and a submerged net. Table 4 shows 
the resulting 31 RIFs, are classified according to the four categories 
introduced in step 3: environmental, organisational, operational, and 
technical. 
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The climate parameters (bad weather, high waves, strong wind and 
water currents, darkness) are the first conditions to be considered before 
an operation starts, and the environmental category therefore represents 
important RIFs. Wind and rough sea conditions have a significant impact 
on the complexity of the operations and the severity of the possible 
undesirable events (Bjelland et al., 2015). The phrase bad weather is 
often used in daily speech and when reporting accidents, but it cannot be 
quantified, and is therefore not in itself useful as a risk factor. Bad 
weather is an undesirable combination of wind, waves, and visibility, 
and rain or snow and low temperatures may cause icing. In addition, the 
external factors of flotsam and predators are reported to cause holes in 
the nets. 

Four organisational RIFs were identified from the six nodes in Fig. 2 
(the text from the nodes in brackets): Workload (work pressure), work 
practice (procedure violation; inadequate inspection and maintenance), 
competence (insufficient training), procedures and documentation 

(inadequate risk assessment; inadequate user manual and documenta-
tion). The terminology used for the organisational RIFs is consistent with 
previous studies on organisational factors (Kongsvik et al., 2010). 

Seven operational RIFs were derived from the failures in operations 
that are recurring events in the causal chains, increasing the risk of fish 
escape. An additional operational RIF (fish pump mounting) was derived 
from a technical failure node, fish pump chafe or tear, because the causal 
analysis showed that incorrect fish pump mounting has caused net 
chafing. The technical RIFs are derived from the failures and hazardous 
events linked to or caused by mounted equipment, technical structures, 
and net cage components. Monitoring the state of these RIFs is critical 
for the technical condition of the fish farm. 

Fish escape

Hole in net

Vessel propeller stuck

Loose floater parts Fire damage to floater

Sinker tube contact

Chafe or tear from
bottom weight/rope

Vessel collision

Net cage collapse
(lost mooring)

Insufficient repair of
hole

Net replacement

Handling of float line

Equipment chafe or
tear

Fish crowding

Bottom weight
handling

Component chafe,
tear or aging

Mooring line slack or
broken

Contact with
crowfoot/ coupling

plate

Submerged net
Insufficient knotting

Procedure violation

Technical failure
electric current to

feeder/lights

Biofouled floater

Mort collection
system chafe or tear

Crowding net stuck

Mort collection
system handling

Inadequate risk
assessment

Fish pump chafe or
tear

Loose sinker tube
chain

Work pressure

Faulty mounting of
gear or componentNet cleaning

Bad weather

Inadequate
inspection and
maintenance

Feeding barge drift

Net hook lost inside
net cage Dragged anchor

Inadequate user
manual and

documentation 

Delousing with
tarpaulin

Strong wind Strong current High waves

Insufficient training

Well boat operation

Darkness

ENVIRONMENTAL
IMPACT

Daily operations

Service operations

OPERATION

ORGANISATIONAL
CONDITION

OPERATIONAL
FAILURE

TECHNICAL FAILURE

Vessel mooring

Net repair

Flotsam
Predator

LEGEND

HAZARDOUS EVENT

ACCIDENT

Fig. 2. Graphical illustration (BN) of causal chains for escape of farmed fish caused by a hole in the net or a submerged net.  

Table 3 
The most frequent underlying factors contributing to the hazardous events a hole in net and a submerged net (cf. Fig. 2).  

Work operation Organisational condition Operational failure Technical failure Environmental 
impact 

Hazardous 
event 

Daily operations Inadequate inspection and maintenance – Electrical failure Fire 
damage to floater 

– Submerged 
net 

Well boat operation Procedure violation Vessel collision – Darkness Submerged 
net 

Net replacement Procedure violation Insufficient training Insufficient knotting – Bad weather Submerged 
net 

Bottom weight handling Work pressure 
Procedure violation 
Insufficient training 
Inadequate inspection and maintenance 
Inadequate risk assessment 

Faulty mounting of gear or 
component 

Chafe or tear from bottom 
weight/rope 

Bad weather Hole in net 

Service operation Inadequate inspection and maintenance 
Inadequate user manual and documentation 

Faulty mounting of gear or 
component 

Chafe or tear from bottom 
weight/rope 

Bad weather Hole in net 

Mort collection system 
handling 

Procedure violation 
Inadequate inspection and maintenance 
Inadequate risk assessment 

Faulty mounting of gear or 
component 
Crowding net stuck 

Mort collection system 
chafe or tear 

Bad weather Hole in net  
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4.5. Step 5 – Develop safety indicators for measuring RIFs 

4.5.1. Safety indicator development 
The RIFs are not always directly quantifiable, and safety indicators 

are therefore introduced in this step to measure the condition of each 
RIF (cf. Section 2.3). The safety indicators should reflect changes in the 
associated RIFs with respect to how often the condition might change 
during a production cycle or an operation. For example, the environ-
mental RIF water current needs to be subdivided into the indicators water 
current speed and water current direction, which can both be measured 
continuously with sensors. Another example is the organisational RIF 
workload. To measure the state of workload, four safety indicators are 
suggested in Appendix 1. One of these is the fraction calculated as 
workers available divided by workers needed. The output of the suggested 
safety indicators are numbers that may be recorded from day to day, and 
could be used by the management to monitor possible changes in the 
condition of the RIF workload over time. 

Appendix 1 lists the RIFs and the safety indicators suggested for each 
RIF for the hazardous events a hole in net and a submerged net: ten safety 
indicators for monitoring environmental RIFs, 11 for organisational, 
eight for operational, and 12 for technical (41 safety indicators 
altogether). 

4.5.2. Indicator update frequencies, measuring methods, and states 
Update frequencies of the indicators, proposed methods for mea-

surement, and estimated values for acceptable/unacceptable indicator 
states are also included in the proposed methodological approach. The 
suggestions are based on a literature survey of studies on occupational 
and operational risks (e.g., (Holmen et al., 2018, Thorvaldsen et al., 
2020) and regulatory requirements (e.g., the Working Environment Act, 
Aquaculture Act, technical standard NS 9415). Initial suggestions were 
adjusted after discussions with operational managers based on the 
managers’ practical experience and company internal procedures, if 
applicable. The final recommendations are presented in Appendix 1. 

The update frequency for an indicator is based on how often the 
condition of the RIF changes, and it needs to be considered in relation to 
the available measuring method. It may not be possible, nor desirable, to 
acquire continuous updates. If the measuring method is manual – for 
example, based on checking weather forecasts – the update frequency is 

limited to updating the forecast. 
Safety indicators representing frequently changing RIFs may be 

monitored continuously or logged at intervals (e.g., using sensors or 
automatic systems), while more slowly changing RIFs can be assessed 
qualitatively by questionnaires, inspections, or audits (Kongsvik et al., 
2010). For some RIFs, different safety indicators may enable different 
measurement approaches. An example is the RIF work practice. Three 
safety indicators are suggested to measure the condition of this RIF, with 
different methods for measurement. One is to use the number of regis-
tered procedure nonconformities per year as the indicator. Another is to 
conduct a yearly audit and check whether the operators describe a work 
practice consistent with the documented procedure. The third safety 
indicator could be to check the backlog on safety critical maintenance, 
ideally weekly, or at least before forecasted storms. 

4.6. Step 6 – Evaluate safety indicators 

Section 2.4 presents indicator quality criteria extracted from previ-
ous safety indicator studies. An indicator programme in the fish farming 
industry requires resources and attention from the organisation, and the 
output should be worthwhile. The workers also need to understand the 
importance of updating the safety management system with the neces-
sary data. Hence, the indicators should reflect measurable changes in 
RIFs. To keep the workers motivated, the management should offer 
feedback showing that the data has been received and processed ac-
cording to the shared safety objectives. Follow-up of the indicators 
should not conflict with other more important objectives, such as daily 
routines to ensure fish welfare and growth. The indicators should ideally 
use documentation and data already being collected, or complement 
existing data collection. This information is essential in corporate safety 
management systems to prevent undesirable events (Kjellen and 
Albrechtsen, 2017). Based on these considerations, as well as on the 
literature survey on indicator quality criteria (Section 2.4), the following 
criteria were chosen:  

1) Observable  
2) Quantifiable  
3) Relevance understood and agreed upon  
4) Robust against manipulation. 

The interviews with the three operational managers provided addi-
tional input for the evaluation. The information on how and how often 
the safety indicators can be updated, as well as on the acceptable/un-
acceptable states, was used to evaluate the indicators according to the 
quality criteria 1 and 2 (observable and quantifiable). All indicators 
fulfilled these criteria. 

Criterion 3, relevance understood and agreed upon, was also tested 
during the interviews. One of the suggested operational safety in-
dicators, number of undesirable vessel contacts with net per month, did not 
pass this test, as this is fortunately a rare incident. Hence, 40 of the 
suggested safety indicators represent true RIFs for fish farming 
operations. 

By contrast, criterion 4, robust against manipulation, was not fulfilled 
for 28 of the 41 suggested indicators. This reflects the proposed 
measuring method for these safety indicators, which depends on sub-
jective actions by an operator. The indicators may therefore be easily 
manipulated, either intentionally or accidentally. However, if the in-
spections were conducted by an external inspector, the indicator mea-
surement would be robust against manipulation. Therefore, none of the 
indicators were refuted based on this criterion. This is further discussed 
in Section 5.1.3. 

The results of the evaluation for each criterion are included in Ap-
pendix 1. The scores are marked yes (criterion fulfilled) or no (not ful-
filled). Altogether, 40 safety indicators were accepted based on the 
quality criteria. 

Table 4 
Overview of RIFs for the hazardous events a hole in net and a submerged net.  

Environmental 
RIFs 

Organisational 
RIFs 

Operational RIFs Technical RIFs 

Wind 
Water current 
Waves 
Visibility 
Icing 
Flotsam 
Predators 

Workload 
Work practice 
Competence 
Procedures and 
documentation 

Vessel manoeuvring 
at the fish farm 
Vessel manoeuvring 
alongside the net 
cage 
Net attachment 
procedure 
Component/ 
equipment 
installation 
Crowding net 
handling 
Net hook storage 
Net cage repair 
service 
Fish pump 
mounting 

Electric power 
supply condition 
Floater condition 
Feed barge 
mooring 
Floater biofouling 
degree 
Anchor 
placement 
Mort collection 
system condition 
Component/ 
equipment 
technical state 
Mooring line 
condition 
Coupling plate/ 
crowfoot 
placement 
Sinker tube chain 
state 
Sinker tube 
placement 
Bottom weight 
system condition  
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4.7. Example of a safety indicator programme: fish crowding 

Although this paper is limited to fish escape incidents, there are 
many safety indicators involved. The selection of indicators needs to be 
adapted to the operation being planned. This section demonstrates this 
with the example of the fish crowding operation. 

The operation of fish crowding is one of the most high-risk opera-
tions for fish escape, as identified in step 2 (Section 4.2). Fig. 3 shows the 
causal chain for this operation only, with the other operations and nodes 
removed from the BN from Fig. 2. 

The process of fish crowding consists of several tasks. The purpose is 
to gather the fish in a smaller volume and prepare for fish treatment or 
delivery. The first task is to remove the mort collection system and other 
mounted equipment attached to the net cage. Several events of a hole in 
the net have occurred due to the mort collection system tearing the net 
wall. The underlying causes are mounting failures or damaged metal 
components. 

The next task is to reduce the volume of the net cage by lifting the 
bottom weight and the stretching system (sinker tube and chains) using 
a vessel crane. Repeated iterations are performed around the cage, lift-
ing the sinker tube one step at the time. This is a safety-critical task, 
according to the fish escape reports. If a part of the net gets stuck in one 
of the vertical ropes, or if a sinker tube component is damaged, this 
might tear a hole in the net. Furthermore, when the net volume is suf-
ficiently reduced (the net is ‘lined up’), a crowding net is used to gather 
some of the fish now being crowded close to the surface. During fish 
transfer to a well-boat, a float line is used to reduce the diameter of the 
net gradually and to move the fish close to the fish pump inlet. These 
tasks are also associated with hazardous events described in the fish 
escape reports. 

The safety indicator programme for reducing the risk of fish escape 
during fish crowding is shown in Fig. 4. It was prepared by applying the 
method to fish escape incidents (described in Sections 4.1 to 4.6, and 
summarised in Appendix 1). The stages of the fish crowding operation 
were defined according to the practice in the fish farming industry: 
operational planning; start and execution of the operation; and follow-up. 
Table 5 shows the relation between the nodes of the causal chains in 
Fig. 3, the RIFs and their associated safety indicators (Fig. 4). See the list 

of RIFs and safety indicators in Appendix 1 for suggested update fre-
quencies, methods for measurement, and indicator states. 

The current practice is to plan the operation one week in advance 
(personal communication with operational managers). The weather 
forecast needs to be checked regarding wind speed and direction, which 
also determines wave conditions. The lunar phase is also important, 
because it determines the tidal currents, i.e., water current speed and 
direction. The proportion of available/needed personnel should also 
ideally be checked, along with the proportion of operators with the 
required qualifications and the risk assessment documentation. 
Furthermore, if there is any maintenance backlog, or a detected failure 
in the mort collection system, this will increase the risk of fish escape 
during the crowding of the fish. 

Before starting, the number of overtime hours per operator in the 
previous shift should be checked, to be prepared in case the workers are 
at the limit of their allowed overtime hours. This will also indicate 
whether the crew are rested or not. At low temperatures, structures 
should be checked for icing. The wind, water current, wave conditions, 
and visibility distance should be monitored throughout the operation. 
During the follow-up after the operation, the stretching system compo-
nents (sinker tube chain, sinker tube placement, bottom weight) should 
be inspected after the net cage has been released to its full volume. The 
net cage components and the mounted equipment inside the net cage 
should also be inspected after they had been manipulated or reattached. 

5. Discussion 

5.1. Methodological approach 

The aim of the study was to develop a method for identifying safety 
indicators for operations in the fish farming industry based on accessible 
data and accident analyses. At present, no such systematic monitoring of 
indicators related to operational safety has been implemented. The 
method is based on a combination of the risk-model-based and incident- 
based strategies (cf. Section 2.3). This approach was chosen because a 
national registry of reported data from multiple fish escape incidents 
was available. This data, together with previous accident analyses, was 
used to generate the BN in Fig. 2. The approach is further discussed in 

Fish escapeHole in net

Sinker tube contact

Chafe or tear from
bottom weight/rope

Handling of float line

Equipment chafe or
tear

Fish crowding

Bottom weight
handling

Component chafe,
tear or aging

Procedure violation
Mort collection

system chafe or tear

Crowding net stuck

Mort collection
system handling

Inadequate risk
assessment

Loose sinker tube
chain

Work pressure

Faulty mounting of
gear or component

Bad weather

Inadequate
inspection and
maintenance

Net hook lost inside
net cage

Inadequate user
manual and

documentation 

Strong wind Strong current High waves

Insufficient training

Darkness

Fig. 3. Causal chain for the operation fish crowding.  
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the following sections. 

5.1.1. Accident reports as the data source 
Both confirmed and suspected fish escapes must be reported to the 

Norwegian Directorate of Fisheries using a standardised form. The 
quality of the reports may vary considerably in terms of how detailed 
and comprehensive the written description of the incident is. The reports 
may also be biased. Some of the reported incidents are investigated by 
the authorities to gather more detailed information about the incident, 
which may be used to prosecute the company. Data accumulated over 
several years is made available for research purposes, and provides a 
good insight into direct and indirect causes of escapes. The focus in the 
original accident reports is primarily on technical and operational fail-
ures. For additional information on human, organisational, and tech-
nical causes, this study has relied on previous analyses of fish escapes in 
Norway (Thorvaldsen et al., 2015; Føre and Thorvaldsen, 2017; Thor-
valdsen et al., 2018). Furthermore, operational managers from fish 
farms were also involved in the final assessment of the RIFs and safety 
indicators. The combination of data sources used in this study is good 
quality. 

The method proposed in this paper is generic and could also be used 
for occupational accident data. The Norwegian Labour Inspection 
Agency collects data on serious occupational injuries, which can be used 
to identify safety indicators for occupational risk influencing factors. 
The aquaculture production regulations also require fish farmers to 
report data to the Food Safety Authority (Ministry of Trade and Fish-
eries, 2018), which could be used to develop safety indicators for fish 
health and welfare. Similar databases are available for vessel and 
maritime occupational accidents (Norwegian Maritime Authority) and 
environmental pollutants (Norwegian Environment Agency). 

Section 2.3 presents different strategies for identifying safety in-
dicators, some of which use data from accidents as input, together with 
other available risk information. Holen and Utne (2018) developed 
safety indicators for occupational accidents in the fish farming industry, 
based on operational scenarios and analyses of control actions. Their 
approach seems to be a good strategy for developing safety indicators in 
fish farming if little or no accident data is available. The involvement of 

experienced operators and other experts is needed to describe the op-
erations and control structures in detail. 

Another alternative source of information on causal chains of haz-
ardous events are risk assessments, combined with thorough de-
scriptions of operational procedures. Risk assessments are mandatory 
for fish farm operations, but a previous study showed that they are not 
always performed in accordance with the requirements (Holmen et al., 
2018). To improve the quality of the information and ensure that all 
relevant hazards are included, Yang et al. (2020b) developed a method 
for identifying hazards in aquaculture operations based on established 
hazard identification methods. The evaluation criteria require that the 
method should be 1) easy to use and easily convertible to a set of 
checklists; 2) able to identify hazards that could impact personnel, the 
environment, fish welfare, and marine assets; 3) able to reduce risks 
associated with hazards unknown to the operators; 4) able to identify the 
interactions of the various parties involved in the operation; and 5) able 
to reduce adverse effects of inexperienced risk analyst. The method re-
quires good insight into the work, and has the advantage that it covers 
all risk dimensions of a fish farm operation. It could thus be used to 
identify additional hazards and contributing causes that are not covered 
in accident or nonconformity reports. 

A potential challenge is that the method might reflect what the in-
vestigators expect to find, and hence not be truly objective (Lundberg 
et al., 2009). Another concern is that if the authorities require accidents 
reports, as with fish escape incidents in Norway, the reports will contain 
information given by whoever had filled the accident report form. These 
reports could of course also be biased or incomplete. However, several 
years’ worth of accident reports should still be representative of the most 
common types of events and failures, and should capture the most 
probable causal chains. 

5.1.2. Qualitative networks to illustrate causal chains 
BNs remain little used in safety research for the aquaculture industry. 

A qualitative BN was included for three main reasons. First, the BN 
method is a quick and illustrative way of sorting accident analysis data 
into causal chains for safety indicator development. If new causal factors 
are identified in later risk assessments or accident investigations, new 

Fig. 4. Suggested safety indicator programme for fish escape during fish crowding.  
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nodes can be added. Second, the structure is logical, and even complex 
dependencies between contributing factors can be displayed as a part of 
the network. This is necessary for selecting the proper safety indicators 
for each RIF. The BN is easily accessible to the users of the safety in-
dicators, as well as to other stakeholders. Third, the visual presentation 
is easy to understand for practitioners and may therefore also be used in 
the fish farm industry for communication about accident causalities, 
training, risk assessments, procedure improvements, and more. The BN 
can also be a supplement in documenting operational risk management. 

The method for developing safety indicators suggested in this paper 
requires insight in the characteristics of technological installations, 
marine operations, and organisation of the fish farm production. It is 
suitable for establishing qualitative risk models at the industry level 
because it is based on accident data gathered at a national level. The 
causal chains in the model are not weighted, but available analyses show 
which contributing causes are most frequent and should therefore be 
prioritised. 

The operational RIFs in this study are derived from failures in op-
erations that are recurring in the chain of events, resulting in fish escape. 
They could be defined as human errors/failures; however, for the risk 
management in this industry, it is not beneficial to focus on the indi-
vidual operator because of the complex sociotechnical system. 
Furthermore, the contributing causes are many and interconnected, and 
deliberate violations are rare. Insufficient risk assessments, lack of 
training, and high workloads are the underlying factors that might result 
in unintentional procedure violations. The organisational RIFs should be 
assessed with appropriate methods, such as the operational safety con-
dition (OSC) method (cf. Section 6.1.). A previous study has already 
evaluated the use of the OSC method for identifying organisational risk 
influencing factors in fish farming (Holmen et al., 2017b). The study 
concluded that the organisational factors presented in the work by 
Kongsvik et al. (2010) also apply to fish farm operations. 

Since we have had access to first-hand accident report data, another 
possible strategy would be to use an accident investigation approach, 
such as the accident model by Kjellen and Albrechtsen (2017). This 
model consists of three parts: input, process, and output. These may be 
used to identify RIFs and derive related safety indicators. Our work 
combines information from accident reports and facilitates the explo-
ration of the causal factors influencing the risk of the accident (input 
side), but also considers the risks during the operation (process). The 
output is the consequences. The advantage of the BN model over the 
accident model approach is that it allows for graphic illustration of the 
complex influence between the factors. Several of these share contrib-
uting causes, but the analysis of the reported accidents rarely shows 
identical causal chains. This insight is needed for developing preventive 
actions and targeted safety barriers. 

In the future, data might become available that would transform the 
qualitative network into a quantitative risk model. Calculating and 
identifying reliable probabilities for the conditional probability tables 
(CPT) in a quantitative BN requires data that is not yet available for the 
fish farming industry on an aggregated level. This would require the 
frequencies and descriptions of all marine operations done at fish farms 
over the years, both successful and not, as well as accurate wave, water 
current and wind recordings from the site, the number of personnel, 
their competence levels, the technical condition of structures, and more. 

Novel machine learning techniques may be used to compensate for 
the lack of data. A recent study by Yang et al. (2020a) presents a risk 
model that uses multi-source data and machine learning processes 
guided by major risk influencing factors to define operational limits for 
fish farm operations. Although not validated yet, the model is promising 
as a decision-making tool for fish farms. Monitoring of certain safety 
indicators could also provide an additional source of data for validating 
such a model. 

5.1.3. Quality criteria for indicator properties 
Four quality criteria were selected for the safety indicators: 

Table 5 
The relation between the underlying factors and conditions contributing to the 
hazardous event hole in net during fish crowding (nodes in Fig. 3), the relevant 
RIFs, and the associated safety indicators (Fig. 4).  

Node in Fig. 3 Risk influencing factor (RIF) Safety indicators in Fig. 4 

Environmental impact 
Bad weather Undesirable combinations 

of low temperatures, wind, 
current, waves and 
precipitation 

Expressed by individual 
indicators, se below  

Icing Amount of ice on structures 
Strong wind Wind Wind speed 

Wind direction 
Strong current Water current Water current speed 

Water current direction 
High waves Waves Wave height 

Wave direction 
Darkness Visibility Visibility distance  

Organisational condition 
Work pressure Workload Ratio of workers available/ 

workers needed 
Number of overtime hours per 
operator in previous shift 
Number of overtime hours per 
operator during a rotation 
Proportion of operators 
reporting that the workload 
often/very often is too high 

Procedure violation Work practice Number of registered 
procedure nonconformities 
per year (per work operation) 
Proportion of operators 
describing a work practice 
equal to the documented 
procedure 

Inadequate 
inspection and 
maintenance 

Work practice Backlog on safety-critical 
maintenance/inspections 
(there are postponed tasks) 

Insufficient training Competence Proportion of operators with 
documented qualifications 
that meet requirements 

Inadequate risk 
assessment 

Procedures and 
documentation 

Risk assessments documented 

Inadequate user 
manual and 
documentation 

Procedures and 
documentation 

Number of registered failures 
due to inadequate manual 
Updated documentation for 
critical equipment and main 
components  

Operational failure 
Faulty mounting of 

gear or 
components 

Component/equipment 
installation 

Incorrectly mounted 
component or equipment 
detected 

Crowding net stuck Crowding net handling Crowding net gets stuck 
during the operation 

Net hook lost inside 
net cage 

Net hook storage Lost net hook inside net cage 
during fish crowding  

Technical failure 
Equipment chafe or 

tear 
Component/equipment 
technical state 

Ratio of detected failures/ 
component checks 

Mort collection 
system chafe or 
tear 

Mort collection system 
condition 

Detected failure in mort 
collection system 

Component chafe, 
tear or aging 

Component/equipment 
technical state 

Ratio of detected failures/ 
component checks 

Loose sinker tube 
chain 

Sinker tube chain state Ratio of loose sinker tube 
chains/ sinker tube chain 
checks 

Sinker tube contact Sinker tube placement Ratio of detected failures/ 
sinker tube placement checks 

Chafe or tear from 
bottom weight/ 
rope 

Bottom weight system 
condition 

Ratio of detected failures/ 
bottom weight checks  
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observable, quantifiable, relevance understood and agreed upon, and robust 
against manipulation. The ratings yes and no in Appendix 1 are based on 
the input from the operational managers. The safety indicators in Ap-
pendix 1 meet the three of the criteria, except the indicator number of 
undesirable vessel contacts with net per month. The industry consultants did 
not find this indicator relevant, and could not remember when this last 
happened. It has been reported as an undesirable event causing a hole in 
the net at some point in the past, but the data includes only the years 
2010–2016, so barriers may already have been implemented, reducing 
the likelihood of this event. 

The criterion robust against manipulation needs further explanation. 
The basic assessment is whether the recorded indicator value or state 
may be manipulated by the operator: is it possible to report a wrong 
value deliberately? Or does the measurement depend on subjective as-
sessments? Four out of ten environmental safety indicators were rated no 
on this criterion (visibility distance, amount of ice on structures, flotsam, 
and presence of predators). These indicators are measured by visual 
inspection, which is a subjective assessment. It is of course not in the 
interest of the operator to deliberately report a wrong value, but a 
predator may not be detected due to bad eyesight, or one operator’s 
tolerance for the amount of ice may be greater than another’s. For such 
indicators, objective measurement methods should be preferred when-
ever possible. 

Altogether 28 out of 40 safety indicators were also rated no for robust 
against manipulation. This criterion might be considered unnecessary, as 
the safety indicators have not been disqualified if they did not meet it. In 
fact, since the indicators were found relevant for other reasons, their 
lack of robustness should alert the managers to put extra effort into 
ensuring the reliability in measuring these indicators. Appendix 1 shows 
that no operational or technical safety indicator is considered robust, as 
they all depend on visual inspection or subjective reporting. Again, it is 
not in the operator’s interest to manipulate the result in the long run; 
however, a shortcut might be taken for other reasons. The root cause for 
this is most likely among the organisational RIFs. 

In contrast, two of the indicators for workload, number of overtime 
hours per operator in previous shift and number of overtime hours per 
operator during a rotation are considered robust. It is in the operator’s 
interest to get paid for these hours, so there is a control mechanism 
assuring that the manager does not manipulate the data to, for example, 
hide that the workers had not had their breaks as required by regula-
tions. It should be emphasised that the problem is rather that the op-
erators work too long shifts, and the safety indicators are highly 
relevant, since failures occur more frequently when the workers are tired 
(Thorvaldsen et al., 2020). 

To establish a safety indicator set for an operation, the additional 
criterion of a minimum set of indicators is recommended (Seljelid et al., 
2012; Leveson, 2015). In our study, the criterion of relevance corre-
sponds to the minimum set in that the indicators must not be over-
lapping or too numerous; i.e., all safety indicators included must be 
associated only with necessary preventive actions. Furthermore, the 
method favours indicators fulfilling this criterion, because the BN nodes 
are a result of already sorted and merged overlapping/repeating con-
ditions and events extracted from the data sources. However, the size of 
the indicator set should still be considered in the end to minimise the 
time needed to update the indicator states so as to not add too much to 
the operational manager’s workload. It could also be a wise strategy to 
implement a smaller indicator programme first, and expand it after the 
routine is established. 

The BN design in Fig. 2 represents the accident (fish escape) as the 
consequence of hazardous events in a network of causal chains. The 
number of documented fish escapes (accidents) and the number of 
detected holes in the net and of submerged nets would be the lagging 
indicators in this terminology. The safety indicators in Appendix 1 are 
thus all leading indicators. This is as expected, since the aim of the study 
is to develop indicators that can help prevent escape. 

5.2. Practical use of safety indicators 

The current risk management practices concerning the production 
and marine operations at the Norwegian fish farms are supervised by 
five authorities, as described by Holmen et al. (2018). The regulatory 
requirements specify a few safety indicators at national level, such as the 
number of escaped fish or of occupational injuries (cf. Background, 
Section 1.1). The follow-up of regulatory requirements on risk man-
agement is perceived as tedious and fragmented work. The new 
approach presented in this study could support the required risk man-
agement activities within the different regulatory areas, and tie them 
together in a holistic system. It may also be used to prioritise the order of 
inspection and maintenance tasks which are decided by the fish farm 
manager. It provides relevant safety indicators, which to a large extent 
can be measured using readily available data, and can help prevent 
undesirable events that might develop into a fish escape accident. This 
study has focused on the example of fish escape; however, the approach 
would also apply in the cases of risk to fish welfare or risk of occupa-
tional injury. 

The safety indicators may be a decision support tool for the opera-
tional manager, or they may be used to monitor the trend at both the 
company level and the national industry level. At company level, a 
negative trend of the indicators associated to the RIFs “workload” and 
“work practice” would indicate a need for additional, or better qualified, 
workers to assist in the safety-critical operations. A need for improving 
technical standards in the company would be documented by a negative 
trend in the technical indicators. 

The safety indicators could be of high interest to the top management 
level to benchmark each company nationally in areas of common in-
terest like prevention of fish escape or reduction of occupational risk. 
This would also allow the authorities evaluate the effect of regulatory 
requirements or identify a need for implementing new framework con-
ditions. The introduction of the Norwegian technical standard NS 9415 
(Standard Norway, 2009) was a measure to reduce the number of es-
capes due to technological failures and breakdown of fish farms. It has 
improved the technical condition of the Norwegian fish farms signifi-
cantly, as documented by the escape numbers after the implementation 
(Jensen et al., 2010). 

The safety indicators and the BN model could help fish farm workers 
understand how they contribute to safety. The safety indicators should 
be used in planning the work, both in the short and the longer term, 
particularly when the scheduled operation is associated with an 
increased risk for fish escape. E.g., before fish crowding operations, it 
should be checked if the operators have the required training, and that 
the technical condition of the net and the attached component are 
satisfactory to reduce the risk for tearing holes. During the operation, 
undesirable changes in the indicator values should trigger mitigating 
actions immediately. 

Some RIFs are obvious to an experienced operator, but it may be less 
obvious which ones to prioritise when the workload is high or when an 
incident occurs. The causal chains derived from the BN in Fig. 2 show 
which RIFs should take priority in operational risk management, and 
may be used for operator training purposes and risk assessment updates. 
Several of the reported incidents are the result of chafing between 
components under water, which may not be discovered until later. The 
complex marine operations and structures, combined with the re-
sponsibility for living fish, require a level of judgement that might be 
gained after several years of training. However, the implementation of 
new technology would require additional competence. A safety indica-
tor programme could therefore be a quality-assuring tool for both new 
and experienced fish farm managers. 

According to Leveson (2015), general safety indicators cannot be 
established because systems are different from one another. This is 
partly supported by our approach. The BN in Fig. 2 can be seen as an 
illustration of several causal chains (systems) that shows how they 
interconnect in the fish escape scenario. The causal chains start with the 
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operation performed, and a set of safety indicators can be associated 
with the contributing conditions, hazards, and events (RIFs) in each 
chain. For fish farming, this is the recommended approach, because 
safety indicators and checklists need to be developed for the specific 
work being performed. A production cycle at a fish farm lasts approxi-
mately 18 months and involves a wide variety of operations, from 
refilling fodder silos, inspection, and maintenance of technical struc-
tures, to caring for the living fish. An effective risk management system, 
therefore, needs to be broken down into manageable pieces, where the 
smallest component could be a safety indicator programme for an 
operation or a maintenance checklist for critical components. 

The interviews with the fish farm operational managers revealed that 
some of the RIFs are already included in daily inspection and mainte-
nance programmes at the fish farms, although they are not discussed in 
terms of safety indicators with defined states. Every day, except for days 
of ‘bad weather’ and gales, the operators spend several hours doing the 
daily round of each net cage. Every attachment point of the net cage is 
checked (at one farm, 12 attachment points per net cage). The condition 
of the floater, lice skirt, feeding system, and other equipment inside or 
attached to the net cage is checked visually. The mort is collected, using 
either a landing net or a mort pump (if installed). Components of the 
mooring system that can be seen from the water surface are also 
inspected. Furthermore, the daily inspection also includes cleaner fish 
feeding, removal of seaweed, and general housekeeping, as well as 
observing the behaviour of the farmed fish. The daily round thus covers 
three technical RIFs: floater condition, mort collection system condition (if 
lifted to the surface), and the technical state of components/equipment that 
can be reached or seen from the gangway or work vessel. Furthermore, the 
daily round includes the environmental RIFs of icing, predators, and 
flotsam, and the operational RIF of net attachment. 

The maintenance intervals of the equipment, structures, and com-
ponents are currently determined by the technical certification re-
quirements, and not by risk assessments. The causal chains show that 
some critical components need to be checked more often if the influ-
encing conditions increase the risk levels. To reduce the risk of escapes, 
safety indicators should be implemented with update frequencies based 
on the accepted risk level. An example is the interval for checking 
moorings and coupling plates, which, according to the regulations, 
should be checked yearly. Daily visual inspections are supposed to 
reveal structural failures, and to a large extent they do, at least when 
done by an experienced operator. On the other hand, everything cannot 
be seen from the deck of a vessel alongside the fish cage, and the weather 
and/or the visibility might be insufficient to perform the daily check 
properly. Based on the causal chains, it seems advisable to do an extra 
check after periods of bad weather, i.e., combinations high wind speed, 
waves, and strong water currents, to detect any possible contact between 
structural components or equipment and the net cage so as to prevent 
chafing or tearing. 

The qualitative BN in this paper has been designed based on factors 
identified from the escape reports. It may be expanded by including all 
known preventive safety measures (barriers) that reduce the probability 
of an escape, both regulatory and other. Barrier functions that reduce the 
scale of the fish escape accident may also be shown (these would 
constitute the mitigation of consequences). In some cases, these mea-
sures might be the same as those that reduce the likelihood of the event. 
Thus, the qualitative BN model in this paper can be developed further 
into a comprehensive illustration of risk factors and preventive and 
mitigating actions to be used for raising awareness among operators and 
doing risk assessments at fish farms. 

6. Conclusions 

Preventing fish escape is one of the major safety challenges in the 
Norwegian fish farming industry, and reporting escaped fish is manda-
tory. Safety indicators are a useful tool for risk management of fish 
farming operations and for learning from undesirable events. This study 

has used qualitative BNs to describe events, conditions, and causal 
chains from fish escape accident report data to develop safety indicators. 
The suggested method is generic and may be applied to other types of 
accidents. 

Environmental, organisational, operational, and technical RIFs were 
identified from a qualitative BN illustrating the causal chains. To mea-
sure the state of each RIF, safety indicators were identified and evalu-
ated according to four quality criteria: observable, quantifiable, relevant, 
and robust against manipulation. This resulted in 40 safety indicators 
associated with 31 RIFs for fish escape. The assessment concluded that 
the indicator set is of good quality. For a specific operation, a subset of 
relevant indicators should be implemented. The example of fish 
crowding has been presented, where 26 safety indicators are imple-
mented in the operational stages of planning the operation, at the start of 
and during activities, and during the follow-up after the operation. 

Safety indicator programmes would provide the fish farm industry 
with a systematic tool to monitor the safety levels of operations asso-
ciated with a high risk of fish escape. Some of the technical RIFs are to 
some extent already included in maintenance and inspection pro-
grammes. However, the results suggest that the intervals should be 
revised according to other RIFs present, such as environmental or 
organisational RIFs, that are known to influence the risk of the haz-
ardous events. The RIFs and safety indicators may also be used to sup-
plement safety management; in internal audits and quality improvement 
work; to develop preventive measures; and in training of fish farm 
personnel. The BN model could be extended to include barriers and 
mitigating actions, as this would increase the effectiveness of the illus-
trations of causal chains needed in risk assessment and for training 
purposes. 

6.1. Future needs and research 

At present, Norwegian authorities are encouraging innovation in 
new fish farm production concepts by granting so-called development 
permits for free to novel designs that require considerable investments 
(Directorate of Fisheries, 2018). The motivation is to enable fish farming 
at more exposed locations to increase marine food production (Fredheim 
and Reve, 2018). The permits are licences that allow companies to in-
crease their fish production based on certain criteria for technology 
advancement. One important criterion is that the design must not 
resemble previous designs by the same or other companies. Conse-
quently, the complexity of aquaculture technology increases, and the 
need for systems that monitor technical and operational safety is 
growing. 

A couple of decades ago, the Technical Condition Safety method 
(TTS) was implemented in a Norwegian oil and gas company as a tool to 
review technical safety systems and safety barriers in maintenance, in-
spection, and design of offshore production systems (Ingvarson and 
Strom, 2009). Adapting and applying the TTS method to monitor the 
performance of safety barriers in fish farming operations is also a 
promising strategy, which requires a joint effort from companies to 
develop a TTS framework for the fish farming industry. In the present BN 
approach, technical risk factors were identified, which could be used to 
highlight the critical safety barriers of the fish farm structures. 

A thorough evaluation of long-term changing RIFs, such as the 
organisational and operational conditions, requires audits involving all 
managerial levels of the organisation, as well as the sharp-end workers. 
The operational safety condition method, OSC (Kongsvik et al., 2010), 
has been evaluated as a supplement for auditing organisational RIFs in 
fish farming (Holmen et al., 2017b). Based on feedback from industry 
representatives, OSC is too resource-demanding to be used in its original 
form (Andreassen and Olsen, 2019). A better approach could be to 
develop a standardised OSC programme for specific accident scenarios 
in fish farming; for example, establish questionnaires to gather data 
systematically, and use checklists for document analyses and work 
practice assessments. 

I.M. Holmen et al.                                                                                                                                                                                                                              



Aquaculture 544 (2021) 737143

13

Further work should also study barrier functions to manage the most 
important risk factors, including environmental, organisational, opera-
tional, and technical RIFs. This would provide an additional approach to 
preventing hazardous events and to developing and implementing tar-
geted risk-reducing measures. 
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Appendix 1 

Summary of the results from steps 4–6 of the proposed method. Risk influencing factors (RIFs) have been derived from the fish escape reports (step 
4); associated safety indicators were identified to measure the condition of each RIF (step 5); and the safety indicators were evaluated according to the 
quality criteria (step 6). The table also includes the frequency of change, the proposed measurement method, and the possible states for each indicator.   

Risk influencing 
factor (RIF) (step 
4) 

Safety indicator (step 5) Indicator update 
frequency 

Proposed method 
for measurement 

Evaluation quality criteria (step 6) States and suggested 
mitigating actions of selected 
indicators Obser- 

vable 
Quanti- 
fiable 

Rele- 
vant 

Robust 

Environmental RIF 
Wind Wind speed Continuously Weather forecast, 

sensor 
Yes Yes Yes Yes State 1a – Acceptable to start/ 

continue operation 
State 2 – Operation can be 
started/continued with extra 
precautions 
State 3 – Not acceptable to 
start/continue operation 

Wind direction Continuously Weather forecast, 
sensor 

Yes Yes Yes Yes As above 

Water current Water current speed Continuously Lunar phase, sensor Yes Yes Yes Yes As above 
Water current direction Continuously Lunar phase, sensor Yes Yes Yes Yes As above 

Waves Wave height Continuously Weather forecast, 
sensor 

Yes Yes Yes Yes As above 

Wave direction Continuously Weather forecast, 
sensor 

Yes Yes Yes Yes As above 

Visibility Visibility distance Hourly Weather forecast, 
visual inspection 

Yes Yes Yes No As above 

Icing Amount of ice on 
structures 

Daily during winter 
season 

Weather forecast, 
visual inspection 

Yes Yes Yes Yes No ice – Acceptable to start/ 
continue operation 
Ice layer on decks, gangways 
and railings – Operation can 
be started/continued with 
extra precautions 
Heavy ice load, submerged 
floater – Not acceptable to 
start/continue operation 

Flotsam Flotsam presence After storm Visual inspection Yes Yes Yes No Not present 
Present – Remove, check for 
damage 

Predators Predator presence Daily Visual inspection Yes Yes Yes No Not present 
Present – Remove, check for 
damage  

Organisational RIF 
Workload Ratio of workers 

available/workers 
needed 

Weekly 
Daily during busy 
periods (e.g., fish 
treatment, fish delivery) 

Assess workers 
available versus 
amount of work 
tasks 

Yes Yes Yes No ≥100% – Excellent 
75–100% – Acceptable to 
start/proceed with extra 
precautions 
<75% – Not acceptable to 
start/proceed 

Number of overtime 
hours per operator in 
previous shift 

Daily during busy 
periods 

Check registered 
overtime 

Yes Yes Yes Yes 0 – Excellent 
1–5 – Acceptable to continue 
with extra precautions 
>5 – Not acceptable to 
continue. Allow operators to 
rest 

Number of overtime 
hours per operator 
during a rotation 

Monthly Check registered 
overtime 

Yes Yes Yes Yes 0 – Excellent 
1–10 – Acceptable to continue 
with extra precautions 

(continued on next page) 
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(continued ) 

Risk influencing 
factor (RIF) (step 
4) 

Safety indicator (step 5) Indicator update 
frequency 

Proposed method 
for measurement 

Evaluation quality criteria (step 6) States and suggested 
mitigating actions of selected 
indicators Obser- 

vable 
Quanti- 
fiable 

Rele- 
vant 

Robust 

>10 – Not acceptable to 
continue. Allow operators to 
rest 

Proportion of operators 
reporting that the 
workload often/very 
often is too high 

Yearly Questionnaire or 
audit 

Yes Yes Yes No 0% – Excellent 
0–20% – Acceptable. Improve 
staffing plans for busy periods 
and reduce overtime 
>20% – Not acceptable. 
Increase permanent staffing 

Work practice Number of registered 
procedure 
nonconformities per year 
(per work operation) 

Yearly Check 
nonconformity 
registry 

Yes Yes Yes No 0 – Excellent 
1–2 – Acceptable. Review 
procedures with operators 
and observe operators 
>2 – Not acceptable. Retrain 
operators 

Proportion of operators 
describing a work 
practice corresponding 
to the documented 
procedure 

Yearly Audit Yes Yes Yes Yes, if 
objective 
inspector 

100% – Excellent 
90–100% – Acceptable. 
Review procedure with 
operators and observe 
operators 
<90% Not acceptable. 
Retrain operators 

Backlog of safety-critical 
maintenance/inspections 
(there are postponed 
tasks) 

Weekly and before 
forecasted storms 

Check maintenance 
log 

Yes Yes Yes No No – Excellent 
Yes – Not acceptable 
Immediate corrective action 
needed. Review procedure 

Competence Proportion of operators 
with documented 
qualifications that meet 
requirements 

Before every safety- 
critical operation 

Check HR system Yes Yes Yes Yes 100% – Excellent 
75–100% – Acceptable. 
Operation can be started with 
extra precautions 
< 75% – Not acceptable. 
Operation cannot start 

Procedures and 
documentation 

Risk assessments 
documented 

Yearly 
Check content before 
safety-critical operation 

Document 
inspection 
Audit 

Yes Yes Yes Yes Yes – Excellent 
No – Not acceptable. 
Operations critical for fish 
welfare can be started with a 
preceding SJA. Risk 
assessments should be 
documented before next 
operation. 

Number of registered 
failures due to 
inadequate user manual 

Every 6 months Check 
nonconformity 
registry 
Audit 

Yes Yes Yes No 0 – Excellent 
1–2 – Acceptable. Review 
procedures with operators 
and continue. Give feedback 
to manufacturer to update 
manual. 
>2 – Not acceptable. Stop 
operation and retrain 
operators with manufacturer 
present for update of manual. 

Updated documentation 
for critical equipment 
and main components 

Every 6 months Document 
inspection 
Audit 

Yes Yes Yes Yes Yes – Excellent 
No – Not acceptable. Obtain 
manual/documentation  

Operational RIF 
Vessel 

manoeuvring 
around fish 
farm 

Number of undesirable 
vessel contacts with 
critical fish farm 
structures per month 

Monthly Check 
nonconformity 
registry 
Check vessel log 

Yes Yes Yes No 0 – Excellent 
<0–1> – Deviation. Review 
procedure with personnel 
≥1 – Not acceptable. Review 
procedure and retrain vessel 
crew 

Vessel 
manoeuvring 
alongside net 
cage 

Number of undesirable 
vessel contacts with net 
per month 

Monthly Check 
nonconformity 
registry 
Check vessel log 

Yes Yes No No Not applicable 

Net attachment 
procedure 

Missing knots detected After installation Visual inspection Yes Yes Yes No No – Excellent 
Yes – Not acceptable. Review 
procedure with personnel 

Component/ 
equipment 
installation 

Incorrectly mounted 
component or equipment 
detected 

After installation/on 
removal 

Visual inspection Yes Yes Yes No No – Excellent 
Yes – Not acceptable. Review 
procedure with personnel 

Crowding net 
handling 

Crowding net gets stuck 
during the operation 

Each fish crowding 
operation 

Check 
nonconformity 
registry 

Yes Yes Yes No No – Excellent 
Yes – Not acceptable. Check 

(continued on next page) 
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(continued ) 

Risk influencing 
factor (RIF) (step 
4) 

Safety indicator (step 5) Indicator update 
frequency 

Proposed method 
for measurement 

Evaluation quality criteria (step 6) States and suggested 
mitigating actions of selected 
indicators Obser- 

vable 
Quanti- 
fiable 

Rele- 
vant 

Robust 

for holes in net and review 
procedure 

Net hook storage Lost net hook inside net 
cage during fish 
crowding 

Each fish crowding 
operation 

Check 
nonconformity 
registry 

Yes Yes Yes No No – Excellent 
Yes – Not acceptable. Stop 
operation and remove net 
hook. Review procedure with 
personnel 

Net cage repair 
service 

Faulty net repairs 
detected during a 
production cycle 

Every production cycle Visual inspection Yes Yes Yes No No – Excellent 
Yes – Not acceptable 
Review inspection procedure. 
Check certificate/service card 

Fish pump 
mounting 

Faulty fish pump 
mountings detected 
during or after fish 
transfer 

After mounting, before 
fish transfer starts 

Visual inspection Yes Yes Yes No No – Excellent 
Yes – Not acceptable. Review 
procedure with personnel  

Technical RIF 
Electric power 

supply 
condition 

Detected failure in 
electric power supply 

Daily Sensor, visual 
inspection 

Yes Yes Yes No No – Excellent 
Yes – Not acceptable. 
Immediate corrective action 
needed 

Floater condition Defective floater 
elements detected 

Daily Visual inspection Yes Yes Yes No No – Excellent 
Yes – Not acceptable. 
Immediate repairs needed. 
Revise inspection interval 

Feed barge 
mooring 

Barge mooring failure 
detected 

As requiredb Visual inspection Yes Yes Yes No No – Excellent 
Yes – Not acceptable. 
Immediate corrective action 
needed. Revise inspection 
interval 

Floater 
biofouling 
degree 

Heavily biofouled 
floaters detected at fish 
farm 

As requiredb Visual inspection Yes Yes Yes No No – Excellent 
Yes – Not acceptable. 
Biofouling removal needed. 
Revise inspection interval 

Mort collection 
system 
condition 

Detected failure in mort 
collection system 

After handling of the 
mort collection system 
and before removal 

Visual inspection Yes Yes Yes No No – Excellent 
Yes – Not acceptable. 
Corrective maintenance 
needed. Revise inspection 
interval 

Anchor 
placement 

Ratio of detected anchor 
displacements/anchor 
checks 

As requiredb 

(Recommended: after 
storms) 

Visual inspection Yes Yes Yes No 0 – Excellent 
<0–1> – Deviation. 
Corrective maintenance 
needed. Revise interval for 
routine maintenance 
≥1 – Not acceptable. 
Corrective maintenance 
needed. Revise inspection 
procedure 

Component/ 
equipment 
technical state 

Ratio of detected 
failures/component 
checks 

As requiredb Visual inspection Yes Yes Yes No As above 

Mooring line 
condition 

Ratio of detected 
failures/mooring line 
checks 

As requiredb Visual inspection Yes Yes Yes No As above 

Coupling plate/ 
crowfoot 
placement 

Ratio of detected 
failures/coupling plate/ 
crowfoot checks 

As requiredb Visual inspection Yes Yes Yes No As above 

Sinker tube chain 
state 

Ratio of loose sinker tube 
chains/sinker tube chain 
checks 

As requiredb 

(Recommended: after 
operations involving 
moving the stretching 
system) 

Visual inspection Yes Yes Yes No As above 

Sinker tube 
placement 

Ratio of detected 
failures/sinker tube 
placement checks 

As requiredb Visual inspection Yes Yes Yes No As above 

Bottom weight 
system 
condition 

Ratio of detected 
failures/bottom weight 
checks 

As requiredb Visual inspection Yes Yes Yes No As above  

a States of environmental indicators must be set according to the local conditions, type of operation, equipment used, etc. 
b NS 9415 requires that the recommended maintenance/inspection interval be set by the manufacturer and described in the mandatory user handbook. 

I.M. Holmen et al.                                                                                                                                                                                                                              



Aquaculture 544 (2021) 737143

16

References 

Andreassen, A., Olsen, V., 2019. Safety Audit in the Fish Farming Industry. Master thesis. 
Norwegian University of Science and Technology. 

Aven, T., Sklet, S., Vinnem, J.E., 2006. Barrier and operational risk analysis of 
hydrocarbon releases (BORA-release): part I. Method description. J. Hazard. Mater. 
137, 681–691. 

Bjelland, H.V., Føre, M., Lader, P., Kristiansen, D., Holmen, I.M., Fredheim, A., Grøtli, E. 
I., Fathi, D.E., Oppedal, F., Utne, I.B., Schjølberg, I., 2015. Exposed aquaculture in 
Norway: technologies for robust operations in rough conditions. In: OCEANS’15 
MTS/IEEE Washington, Washington DC, 19-22 October, 2015. IEEE Conference 
Proceedings. 

Clavelle, T., Lester, S.E., Gentry, R., Froehlich, H.E., 2019. Interactions and management 
for the future of marine aquaculture and capture fisheries. Fish Fish. 21. 

Directorate of Fisheries, 2018. Development Permits (In Norwegian) [Online]. Available: 
https://www.fiskeridir.no/Akvakultur/Tildeling-og-tillatelser/Saertillatelser/Utvi 
klingstillatelser (Accessed 2019-05-08).  

Directorate of Fisheries, 2019. Statistics for Norwegian Aquaculture [Online]. Available: 
https://www.fiskeridir.no/English/Aquaculture/Statistics (Accessed 2020-04-02).  

Directorate of Fisheries, 2020. Norwegian Statistics for Escape of Farmed Fish (In 
Norwegian) [Online]. Available: https://www.fiskeridir.no/Akvakultur/Statistikk-a 
kvakultur/Roemmingsstatistikk (Accessed 2020-09-20).  

Doran, G.T., Miller, A., Cunningham, J., 1981. There’s a SMART way to write 
management’s goals and objectives. Manag. Rev. 70, 35–36. 

FAO, 2018. In: FAO (Ed.), The State of World Fisheries and Aquaculture - Meeting The 
Sustainable Development Goals. FAO, Rome.  

FAO, 2019. GLOBEFISH highlights July 2019 issue, with Jan.–Mar. 2019 Statistics – a 
quarterly update on world seafood markets. In: Globefish Highlights no. 3-2019. 

Føre, H.M., Thorvaldsen, T., 2017. Causes for escape of farmed salmon and trout 2010- 
2016 (in Norwegian). In: SINTEF Report series, OC2017 A-116. 

Føre, H.M., Thorvaldsen, T., 2021. Causal analysis of escape of Atlantic salmon and 
rainbow trout from Norwegian fish farms during 2010–2018. Aquaculture 532, 
736002. 

Fredheim, A., Reve, T., 2018. Future prospects of marine aquaculture. In: OCEANS 2018 
MTS/IEEE Charleston, 22–25 Oct. 2018 2018. 1–8. 

Hale, A., 2009. Why safety performance indicators? Saf. Sci. 47, 479–480. 
Haugen, S., Seljelid, J., Mo, K., Nyheim, O.M., 2011. Major accident indicators for 

monitoring and predicting risk levels. In: SPE European Health, Safety and 
Environmental Conference in Oil and Gas Exploration and Production. Society of 
Petroleum Engineers, Vienna, Austria.  

Holen, S., Utne, I., 2018. A framework based on a systems approach to developing safety 
indicators in fish farming. Safety 4, 19. 

Holen, S.M., Utne, I.B., Holmen, I.M., Aasjord, H., 2018a. Occupational safety in 
aquaculture – part 1: injuries in Norway. Mar. Policy 96, 184–192. 

Holen, S.M., Utne, I.B., Holmen, I.M., Aasjord, H., 2018b. Occupational safety in 
aquaculture – part 2: fatalities in Norway 1982–2015. Mar. Policy 96, 193–199. 

Holen, S.M., Utne, I.B., Yang, X., 2018c. Risk dimensions of fish farming operations and 
conflicting objectives. In: Haugen, S., Barros, A., VAN Gulijk, C., Kongsvik, T., 
Vinnem, J.E. (Eds.), Safety and Reliability–Safe Societies in a Changing World. CRC 
Press. 

Holmen, I.M., Thorvaldsen, T., 2018. Occupational health and safety in Norwegian 
aquaculture. National profile for a FAO report on global aquaculture OHS. In: 
SINTEF Report Series. 

Holmen, I.M., Lien, A.M., Fathi, D.E., Ratvik, I., 2017a. Project Memo: Hazards in 
Aquaculture Operations (in Norwegian). SINTEF Ocean, Trondheim.  

Holmen, I.M., Utne, I.B., Haugen, S., 2017b. Organisational safety indicators in 
aquaculture – a preliminary study. In: Risk, Reliability and Safety: Innovating Theory 
and Practice : Proceedings of ESREL 2016 (Glasgow, Scotland, 25–29 September 
2016). CRC Press. 

Holmen, I.M., Utne, I.B., Haugen, S., 2018. Risk assessments in the Norwegian 
aquaculture industry: status and improved practice. Aquac. Eng. 83, 65–75. 

Hopkins, A., 2009. Thinking about process safety indicators. Saf. Sci. 47, 460–465. 
HSE, 2006. Developing process safety indicators. A step-by-step guide for chemical and 

major hazard industries. In: HSE Books. UK Health and Safety Executive. 
Ingvarson, J., Strom, O., 2009. Technical Safety Barrier Management in StatoilHydro. 

Offshore Europe. Society of Petroleum Engineers, Aberdeen, UK.  
Jackson, D., Drumm, A., Mcevoy, S., Jensen, Ø., Mendiola, D., Gabiña, G., Borg, J.A., 

Papageorgiou, N., Karakassis, Y., Black, K.D., 2015. A pan-European valuation of the 
extent, causes and cost of escape events from sea cage fish farming. Aquaculture 436, 
21–26. 

Jensen, Ø., Dempster, T., Thorstad, E.B., Uglem, I., Fredheim, A., 2010. Escapes of fishes 
from Norwegian sea-cage aquaculture: causes, consequences and prevention. 
Aquacult. Environ. Interact. 1, 71–83. 

Kaplan, S., Garrick, B.J., 1981. On the quantitative definition of risk. Risk Anal. 1, 11–27. 
Kjellen, U., Albrechtsen, E., 2017. Prevention of Accidents and Unwanted Occurrences: 

Theory, Methods, and Tools in Safety Management. CRC Press, Boca Raton.  
Kongsvik, T., Almklov, P., Fenstad, J., 2010. Organisational safety indicators: some 

conceptual considerations and a supplementary qualitative approach. Saf. Sci. 48, 
1402–1411. 

Kongsvik, T., Albrechtsen, E., Antonsen, S., Herrera, I.A., Hovden, J., Schiefloe, P.M., 
2018. Safety in Working Life (in Norwegian), Bergen, Fagbokforlaget. 

Kristoffersen, A.B., Qviller, L., Helgesen, K.O., Vollset, K.W., Viljugrein, H., Jansen, P.A., 
2018. Quantitative risk assessment of salmon louse-induced mortality of seaward- 
migrating post-smolt Atlantic salmon. Epidemics 23, 19–33. 

Leveson, N., 2015. A systems approach to risk management through leading safety 
indicators. Reliabil. Eng. Syst. Saf. 136, 17–34. 

Lundberg, J., Rollenhagen, C., Hollnagel, E., 2009. What-You-Look-For-Is-What-You- 
Find – the consequences of underlying accident models in eight accident 
investigation manuals. Saf. Sci. 47, 1297–1311. 

Ministry of Trade and Fisheries, 2015. Forutsigbar og miljømessig bærekraftig vekst i 
norsk lakse- og ørretoppdrett. St.Meld. 16 2014-2015 (White Paper) (Norway).  

Ministry of Trade and Fisheries, 2016. Regulation on Salmon Lice Control in Aquaculture 
Plants. (In Norwegian) (FOR-2012-12-05-1140).  

Ministry of Trade and Fisheries, 2017a. Regulation on Production Zones for Fish Farming 
(In Norwegian) (FOR-2017-01-16-61. Norway).  

Ministry of Trade and Fisheries, 2017b. Strategy Against Fish Escape in Aquaculture 
(Norway).  

Ministry of Trade and Fisheries, 2018. Regulation on the Operation of Aquaculture 
Production Sites. (In Norwegian) (FOR-2008-06-17-822 (revised 2018). Norway).  

Nilsson, J., Stien, L.H., Iversen, M.H., Kristiansen, T.S., Torgersen, T., Oppedal, F., 
Folkedal, O., Hvas, M., Gismervik, K., Ellingsen, K., 2018. Welfare indicators for 
farmed Atlantic salmon–part A. Knowledge and theoretical background. In: 
Noble, C., Gismervik, K., Iversen, M.H., Kolarevic, J., Nilsson, J., Stien, L.H., 
Turnbull, J.F. (Eds.), Welfare Indicators for Farmed Atlantic Salmon: Tools for 
Assessing Fish Welfare (Nofima).  

Øien, K., 2001a. A framework for the establishment of organizational risk indicators. 
Reliabil. Eng. Syst. Saf. 74, 147–167. 

Øien, K., 2001b. Risk indicators as a tool for risk control. Reliabil. Eng. Syst. Saf. 74, 
129–145. 

Øien, K., Massaiu, S., Tinmannsvik, R., Størseth, F., 2010. Development of early warning 
indicators based on resilience engineering. In: Submitted to PSAM10, International 
Probabilistic Safety Assessment and Management Conference, pp. 7–11. 

Øien, K., Utne, I.B., Herrera, I.A., 2011a. Building safety indicators: part 1 – theoretical 
foundation. Saf. Sci. 49, 148–161. 

Øien, K., Utne, I.B., Tinmannsvik, R.K., Massaiu, S., 2011b. Building safety indicators: 
part 2 – application, practices and results. Saf. Sci. 49, 162–171. 

Olsen, M.S., Osmundsen, T.C., 2017. Media framing of aquaculture. Mar. Policy 76, 
19–27. 

PSA Norway, 2019. What is Trends in Risk Level in the Petroleum Activity (RNNP)? 
[Online]. Petroleum Safety Agency Norway. Available: https://www.ptil.no/en/te 
chnical-competence/rnnp/about-rnnp/ (accessed 04-27 2020).  

Rausand, M., Haugen, S., 2020. Risk Assessment: Theory, Methods and Applications. 
Wiley, Hoboken, USA.  

Reason, J., 1997. Managing the Risks of Organizational Accidents. Ashgate, Farnham.  
Sandberg, M.G., Lien, A.M., Sunde, L.M., Størkersen, K.V., Stien, L.H., Kristiansen, T., 

2012. Experiences and Analyses of Operations at Exposed Fish Farm Locations (in 
Norwegian). SINTEF Fisheries and Aquaculture, Trondheim.  

Seljelid, J., Nyheim, O.M., Haugen, S., Sklet, S., et al., 2012. Methodology for 
Development of Major Accident Risk Indicators. 

Sklet, S., Vinnem, J.E., Aven, T., 2006. Barrier and operational risk analysis of 
hydrocarbon releases (BORA-release): part II: results from a case study. J. Hazard. 
Mater. 137, 692–708. 

Skogdalen, J.E., Utne, I.B., Vinnem, J.E., 2011. Developing safety indicators for 
preventing offshore oil and gas deepwater drilling blowouts. Saf. Sci. 49, 
1187–1199. 

Standard Norway, 2009. Marine Fish Farms - Requirements for Site Survey, Risk 
Analyses, Design, Dimensioning, Production, Installation and Operation, 9415. NS, 
p. 2009. 

Standard Norway, 2016. Environmental monitoring of benthic impact from marine fish 
farms. In: NS 9410:2016. Norway.  

Tarrants, W., 1980. The Management of Safety Performance. Safety Management Series, 
Garland.  

Thieme, C.A., Utne, I.B., 2017. Safety performance monitoring of autonomous marine 
systems. Reliabil. Eng. Syst. Saf. 159, 264–275. 

Thorvaldsen, T., Holmen, I.M., Moe, H.K., 2015. The escape of fish from Norwegian fish 
farms: causes, risks and the influence of organisational aspects. Mar. Policy 55, 
33–38. 

Thorvaldsen, T., Føre, H.M., Tinmannsvik, R.K., Okstad, E.H., 2018. Human and 
Organisational Causes for the Escape of Farmed Salmon and Rainbow Trout. (in 
Norwegian). SINTEF Ocean, Trondheim.  

Thorvaldsen, T., Kongsvik, T., Holmen, I.M., Størkersen, K., Salomonsen, C., 
Sandsund, M., Bjelland, H.V., 2020. Occupational health, safety and work 
environments in Norwegian fish farming - employee perspective. Aquaculture 524, 
735238. 

Utne, I.B., Schjølberg, I., Holmen, I.M., Bar, E.M.S., 2017. Risk Management in 
Aquaculture: Integrating Sustainability Perspectives. OMAE 2017. Trondheim. 

Vinnem, J.E., Aven, T., Husebø, T., Seljelid, J., Tveit, O.J., 2006. Major hazard risk 
indicators for monitoring of trends in the Norwegian offshore petroleum sector. 
Reliabil. Eng. Syst. Saf. 91, 778–791. 

Vinnem, J.E., Hestad, J.A., Kvaløy, J.T., Skogdalen, J.E., 2010. Analysis of root causes of 
major hazard precursors (hydrocarbon leaks) in the Norwegian offshore petroleum 
industry. Reliabil. Eng. Syst. Saf. 95, 1142–1153. 

Vinnem, J.E., Bye, R., Gran, B.A., Kongsvik, T., Nyheim, O.M., Okstad, E.H., Seljelid, J., 
Vatn, J., 2012. Risk modelling of maintenance work on major process equipment on 
offshore petroleum installations. J. Loss Prev. Process Ind. 25, 274–292. 

Wreathall, J., 2009. Leading? Lagging? Whatever! Saf. Sci. 47, 493–494. 
Yang, X., Haugen, S., 2015. Classification of risk to support decision-making in hazardous 

processes. Saf. Sci. 80, 115–126. 
Yang, X., Haugen, S., Li, Y., 2017. Risk influence frameworks for activity-related risk 

analysis during operation: a literature review. Saf. Sci. 96, 102–116. 

I.M. Holmen et al.                                                                                                                                                                                                                              



Aquaculture 544 (2021) 737143

17

Yang, X., Ramezani, R., Utne, I.B., Mosleh, A., Lader, P.F., 2020a. Operational limits for 
aquaculture operations from a risk and safety perspective. Reliabil. Eng. Syst. Saf. 
204, 107208. https://doi.org/10.1016/j.ress.2020.107208. 

Yang, X., Utne, I.B., Holmen, I.M., 2020b. Methodology for hazard identification in 
aquaculture operations (MHIAO). Saf. Sci. 121, 430–450. 

Yousefi, A., Rodriguez Hernandez, M., 2020. A novel methodology to measure safety 
level of a process plant using a system theory based method (STAMP). Process Saf. 
Environ. Prot. 136, 296–309. 

I.M. Holmen et al.                                                                                                                                                                                                                              





 
 
 
 

Previous PhD Theses Published at the 
Department of Marine Technology 

 

 





 

 
Previous	PhD	theses	published	at	the	Department	of	Marine	Technology	

(earlier:	Faculty	of	Marine	Technology)	
NORWEGIAN	UNIVERSITY	OF	SCIENCE	AND	TECHNOLOGY	

 
Report 
No. 

Author Title 

 Kavlie, Dag Optimization of Plane Elastic Grillages, 1967 

 Hansen, Hans R. Man-Machine Communication and Data-Storage 
Methods in Ship Structural Design, 1971 

 Gisvold, Kaare M. A Method for non-linear mixed -integer 
programming and its Application to Design 
Problems, 1971 

 Lund, Sverre Tanker Frame Optimalization by means of SUMT-
Transformation and Behaviour Models, 1971 

 Vinje, Tor On Vibration of Spherical Shells Interacting with 
Fluid, 1972 

 Lorentz, Jan D. Tank Arrangement for Crude Oil Carriers in 
Accordance with the new Anti-Pollution 
Regulations, 1975 

 Carlsen, Carl A. Computer-Aided Design of Tanker Structures, 1975 

 Larsen, Carl M. Static and Dynamic Analysis of Offshore Pipelines 
during Installation, 1976 

UR-79-01 Brigt Hatlestad, MK The finite element method used in a fatigue 
evaluation of fixed offshore platforms. (Dr.Ing. 
Thesis) 

UR-79-02 Erik Pettersen, MK Analysis and design of cellular structures. (Dr.Ing. 
Thesis) 

UR-79-03 Sverre Valsgård, MK Finite difference and finite element methods 
applied to nonlinear analysis of plated structures. 
(Dr.Ing. Thesis) 

UR-79-04 Nils T. Nordsve, MK Finite element collapse analysis of structural 
members considering imperfections and stresses 
due to fabrication. (Dr.Ing. Thesis) 

UR-79-05 Ivar J. Fylling, MK Analysis of towline forces in ocean towing systems. 
(Dr.Ing. Thesis) 

UR-80-06 Nils Sandsmark, MM Analysis of Stationary and Transient Heat 
Conduction by the Use of the Finite Element 
Method. (Dr.Ing. Thesis) 

UR-80-09 Sverre Haver, MK Analysis of uncertainties related to the stochastic 
modeling of ocean waves. (Dr.Ing. Thesis) 



 

UR-81-15 Odland, Jonas On the Strength of welded Ring stiffened 
cylindrical Shells primarily subjected to axial 
Compression 

UR-82-17 Engesvik, Knut Analysis of Uncertainties in the fatigue Capacity of 
Welded Joints 

UR-82-18 Rye, Henrik Ocean wave groups 

UR-83-30 Eide, Oddvar Inge On Cumulative Fatigue Damage in Steel Welded 
Joints 

UR-83-33 Mo, Olav Stochastic Time Domain Analysis of Slender 
Offshore Structures 

UR-83-34 Amdahl, Jørgen Energy absorption in Ship-platform impacts 

UR-84-37 Mørch, Morten Motions and mooring forces of semi submersibles 
as determined by full-scale measurements and 
theoretical analysis 

UR-84-38 Soares, C. Guedes Probabilistic models for load effects in ship 
structures 

UR-84-39 Aarsnes, Jan V. Current forces on ships 

UR-84-40 Czujko, Jerzy Collapse Analysis of Plates subjected to Biaxial 
Compression and Lateral Load 

UR-85-46 Alf G. Engseth, MK Finite element collapse analysis of tubular steel 
offshore structures. (Dr.Ing. Thesis) 

UR-86-47 Dengody Sheshappa, MP A Computer Design Model for Optimizing Fishing 
Vessel Designs Based on Techno-Economic 
Analysis. (Dr.Ing. Thesis) 

UR-86-48 Vidar Aanesland, MH A Theoretical and Numerical Study of Ship Wave 
Resistance. (Dr.Ing. Thesis) 

UR-86-49 Heinz-Joachim Wessel, MK Fracture Mechanics Analysis of Crack Growth in 
Plate Girders. (Dr.Ing. Thesis) 

UR-86-50 Jon Taby, MK Ultimate and Post-ultimate Strength of Dented 
Tubular Members. (Dr.Ing. Thesis) 

UR-86-51 Walter Lian, MH A Numerical Study of Two-Dimensional Separated 
Flow Past Bluff Bodies at Moderate KC-Numbers. 
(Dr.Ing. Thesis) 

UR-86-52 Bjørn Sortland, MH Force Measurements in Oscillating Flow on Ship 
Sections and Circular Cylinders in a U-Tube Water 
Tank. (Dr.Ing. Thesis) 

UR-86-53 Kurt Strand, MM A System Dynamic Approach to One-dimensional 
Fluid Flow. (Dr.Ing. Thesis) 

UR-86-54 Arne Edvin Løken, MH Three Dimensional Second Order Hydrodynamic 



 

Effects on Ocean Structures in Waves. (Dr.Ing. 
Thesis) 

UR-86-55 Sigurd Falch, MH A Numerical Study of Slamming of Two-
Dimensional Bodies. (Dr.Ing. Thesis) 

UR-87-56 Arne Braathen, MH Application of a Vortex Tracking Method to the 
Prediction of Roll Damping of a Two-Dimension 
Floating Body. (Dr.Ing. Thesis) 

UR-87-57 Bernt Leira, MK Gaussian Vector Processes for Reliability Analysis 
involving Wave-Induced Load Effects. (Dr.Ing. 
Thesis) 

UR-87-58 Magnus Småvik, MM Thermal Load and Process Characteristics in a 
Two-Stroke Diesel Engine with Thermal Barriers 
(in Norwegian). (Dr.Ing. Thesis) 

MTA-88-
59 

Bernt Arild Bremdal, MP An Investigation of Marine Installation Processes – 
A Knowledge - Based Planning Approach. (Dr.Ing. 
Thesis) 

MTA-88-
60 

Xu Jun, MK Non-linear Dynamic Analysis of Space-framed 
Offshore Structures. (Dr.Ing. Thesis) 

MTA-89-
61 

Gang Miao, MH Hydrodynamic Forces and Dynamic Responses of 
Circular Cylinders in Wave Zones. (Dr.Ing. Thesis) 

MTA-89-
62 

Martin Greenhow, MH Linear and Non-Linear Studies of Waves and 
Floating Bodies. Part I and Part II. (Dr.Techn. 
Thesis) 

MTA-89-
63 

Chang Li, MH Force Coefficients of Spheres and Cubes in 
Oscillatory Flow with and without Current. (Dr.Ing. 
Thesis 

MTA-89-
64 

Hu Ying, MP A Study of Marketing and Design in Development 
of Marine Transport Systems. (Dr.Ing. Thesis) 

MTA-89-
65 

Arild Jæger, MH Seakeeping, Dynamic Stability and Performance of 
a Wedge Shaped Planing Hull. (Dr.Ing. Thesis) 

MTA-89-
66 

Chan Siu Hung, MM The dynamic characteristics of tilting-pad bearings 

MTA-89-
67 

Kim Wikstrøm, MP Analysis av projekteringen for ett offshore projekt. 
(Licenciat-avhandling) 

MTA-89-
68 

Jiao Guoyang, MK Reliability Analysis of Crack Growth under 
Random Loading, considering Model Updating. 
(Dr.Ing. Thesis) 

MTA-89-
69 

Arnt Olufsen, MK Uncertainty and Reliability Analysis of Fixed 
Offshore Structures. (Dr.Ing. Thesis) 

MTA-89-
70 

Wu Yu-Lin, MR System Reliability Analyses of Offshore Structures 
using improved Truss and Beam Models. (Dr.Ing. 



 

Thesis) 

MTA-90-
71 

Jan Roger Hoff, MH Three-dimensional Green function of a vessel with 
forward speed in waves. (Dr.Ing. Thesis) 

MTA-90-
72 

Rong Zhao, MH Slow-Drift Motions of a Moored Two-Dimensional 
Body in Irregular Waves. (Dr.Ing. Thesis) 

MTA-90-
73 

Atle Minsaas, MP Economical Risk Analysis. (Dr.Ing. Thesis) 

MTA-90-
74 

Knut-Aril Farnes, MK Long-term Statistics of Response in Non-linear 
Marine Structures. (Dr.Ing. Thesis) 

MTA-90-
75 

Torbjørn Sotberg, MK Application of Reliability Methods for Safety 
Assessment of Submarine Pipelines. (Dr.Ing. 
Thesis) 

MTA-90-
76 

Zeuthen, Steffen, MP SEAMAID. A computational model of the design 
process in a constraint-based logic programming 
environment. An example from the offshore 
domain. (Dr.Ing. Thesis) 

MTA-91-
77 

Haagensen, Sven, MM Fuel Dependant Cyclic Variability in a Spark 
Ignition Engine - An Optical Approach. (Dr.Ing. 
Thesis) 

MTA-91-
78 

Løland, Geir, MH Current forces on and flow through fish farms. 
(Dr.Ing. Thesis) 

MTA-91-
79 

Hoen, Christopher, MK System Identification of Structures Excited by 
Stochastic Load Processes. (Dr.Ing. Thesis) 

MTA-91-
80 

Haugen, Stein, MK Probabilistic Evaluation of Frequency of Collision 
between Ships and Offshore Platforms. (Dr.Ing. 
Thesis) 

MTA-91-
81 

Sødahl, Nils, MK Methods for Design and Analysis of Flexible 
Risers. (Dr.Ing. Thesis) 

MTA-91-
82 

Ormberg, Harald, MK Non-linear Response Analysis of Floating Fish 
Farm Systems. (Dr.Ing. Thesis) 

MTA-91-
83 

Marley, Mark J., MK Time Variant Reliability under Fatigue 
Degradation. (Dr.Ing. Thesis) 

MTA-91-
84 

Krokstad, Jørgen R., MH Second-order Loads in Multidirectional Seas. 
(Dr.Ing. Thesis) 

MTA-91-
85 

Molteberg, Gunnar A., MM The Application of System Identification 
Techniques to Performance Monitoring of Four 
Stroke Turbocharged Diesel Engines. (Dr.Ing. 
Thesis) 

MTA-92-
86 

Mørch, Hans Jørgen Bjelke, MH Aspects of Hydrofoil Design: with Emphasis on 
Hydrofoil Interaction in Calm Water. (Dr.Ing. 
Thesis) 



 

MTA-92-
87 

Chan Siu Hung, MM Nonlinear Analysis of Rotordynamic Instabilities in 
Highspeed Turbomachinery. (Dr.Ing. Thesis) 

MTA-92-
88 

Bessason, Bjarni, MK Assessment of Earthquake Loading and Response 
of Seismically Isolated Bridges. (Dr.Ing. Thesis) 

MTA-92-
89 

Langli, Geir, MP Improving Operational Safety through exploitation 
of Design Knowledge - an investigation of offshore 
platform safety. (Dr.Ing. Thesis) 

MTA-92-
90 

Sævik, Svein, MK On Stresses and Fatigue in Flexible Pipes. (Dr.Ing. 
Thesis) 

MTA-92-
91 

Ask, Tor Ø., MM Ignition and Flame Growth in Lean Gas-Air 
Mixtures. An Experimental Study with a Schlieren 
System. (Dr.Ing. Thesis) 

MTA-86-
92 

Hessen, Gunnar, MK Fracture Mechanics Analysis of Stiffened Tubular 
Members. (Dr.Ing. Thesis) 

MTA-93-
93 

Steinebach, Christian, MM Knowledge Based Systems for Diagnosis of 
Rotating Machinery. (Dr.Ing. Thesis) 

MTA-93-
94 

Dalane, Jan Inge, MK System Reliability in Design and Maintenance of 
Fixed Offshore Structures. (Dr.Ing. Thesis) 

MTA-93-
95 

Steen, Sverre, MH Cobblestone Effect on SES. (Dr.Ing. Thesis) 

MTA-93-
96 

Karunakaran, Daniel, MK Nonlinear Dynamic Response and Reliability 
Analysis of Drag-dominated Offshore Platforms. 
(Dr.Ing. Thesis) 

MTA-93-
97 

Hagen, Arnulf, MP The Framework of a Design Process Language. 
(Dr.Ing. Thesis) 

MTA-93-
98 

Nordrik, Rune, MM Investigation of Spark Ignition and Autoignition in 
Methane and Air Using Computational Fluid 
Dynamics and Chemical Reaction Kinetics. A 
Numerical Study of Ignition Processes in Internal 
Combustion Engines. (Dr.Ing. Thesis) 

MTA-94-
99 

Passano, Elizabeth, MK Efficient Analysis of Nonlinear Slender Marine 
Structures. (Dr.Ing. Thesis) 

MTA-94-
100 

Kvålsvold, Jan, MH Hydroelastic Modelling of Wetdeck Slamming on 
Multihull Vessels. (Dr.Ing. Thesis) 

MTA-94-
102 

Bech, Sidsel M., MK Experimental and Numerical Determination of 
Stiffness and Strength of GRP/PVC Sandwich 
Structures. (Dr.Ing. Thesis) 

MTA-95-
103 

Paulsen, Hallvard, MM A Study of Transient Jet and Spray using a 
Schlieren Method and Digital Image Processing. 
(Dr.Ing. Thesis) 

MTA-95-
104 

Hovde, Geir Olav, MK Fatigue and Overload Reliability of Offshore 
Structural Systems, Considering the Effect of 



 

Inspection and Repair. (Dr.Ing. Thesis) 

MTA-95-
105 

Wang, Xiaozhi, MK Reliability Analysis of Production Ships with 
Emphasis on Load Combination and Ultimate 
Strength. (Dr.Ing. Thesis) 

MTA-95-
106 

Ulstein, Tore, MH Nonlinear Effects of a Flexible Stern Seal Bag on 
Cobblestone Oscillations of an SES. (Dr.Ing. 
Thesis) 

MTA-95-
107 

Solaas, Frøydis, MH Analytical and Numerical Studies of Sloshing in 
Tanks. (Dr.Ing. Thesis) 

MTA-95-
108 

Hellan, Øyvind, MK Nonlinear Pushover and Cyclic Analyses in 
Ultimate Limit State Design and Reassessment of 
Tubular Steel Offshore Structures. (Dr.Ing. Thesis) 

MTA-95-
109 

Hermundstad, Ole A., MK Theoretical and Experimental Hydroelastic 
Analysis of High Speed Vessels. (Dr.Ing. Thesis) 

MTA-96-
110 

Bratland, Anne K., MH Wave-Current Interaction Effects on Large-Volume 
Bodies in Water of Finite Depth. (Dr.Ing. Thesis) 

MTA-96-
111 

Herfjord, Kjell, MH A Study of Two-dimensional Separated Flow by a 
Combination of the Finite Element Method and 
Navier-Stokes Equations. (Dr.Ing. Thesis) 

MTA-96-
112 

Æsøy, Vilmar, MM Hot Surface Assisted Compression Ignition in a 
Direct Injection Natural Gas Engine. (Dr.Ing. 
Thesis) 

MTA-96-
113 

Eknes, Monika L., MK Escalation Scenarios Initiated by Gas Explosions on 
Offshore Installations. (Dr.Ing. Thesis) 

MTA-96-
114 

Erikstad, Stein O., MP A Decision Support Model for Preliminary Ship 
Design. (Dr.Ing. Thesis) 

MTA-96-
115 

Pedersen, Egil, MH A Nautical Study of Towed Marine Seismic 
Streamer Cable Configurations. (Dr.Ing. Thesis) 

MTA-97-
116 

Moksnes, Paul O., MM Modelling Two-Phase Thermo-Fluid Systems 
Using Bond Graphs. (Dr.Ing. Thesis) 

MTA-97-
117 

Halse, Karl H., MK On Vortex Shedding and Prediction of Vortex-
Induced Vibrations of Circular Cylinders. (Dr.Ing. 
Thesis) 

MTA-97-
118 

Igland, Ragnar T., MK Reliability Analysis of Pipelines during Laying, 
considering Ultimate Strength under Combined 
Loads. (Dr.Ing. Thesis) 

MTA-97-
119 

Pedersen, Hans-P., MP Levendefiskteknologi for fiskefartøy. (Dr.Ing. 
Thesis) 

MTA-98-
120 

Vikestad, Kyrre, MK Multi-Frequency Response of a Cylinder Subjected 
to Vortex Shedding and Support Motions. (Dr.Ing. 



 

Thesis) 

MTA-98-
121 

Azadi, Mohammad R. E., MK Analysis of Static and Dynamic Pile-Soil-Jacket 
Behaviour. (Dr.Ing. Thesis) 

MTA-98-
122 

Ulltang, Terje, MP A Communication Model for Product Information. 
(Dr.Ing. Thesis) 

MTA-98-
123 

Torbergsen, Erik, MM Impeller/Diffuser Interaction Forces in Centrifugal 
Pumps. (Dr.Ing. Thesis) 

MTA-98-
124 

Hansen, Edmond, MH A Discrete Element Model to Study Marginal Ice 
Zone Dynamics and the Behaviour of Vessels 
Moored in Broken Ice. (Dr.Ing. Thesis) 

MTA-98-
125 

Videiro, Paulo M., MK Reliability Based Design of Marine Structures. 
(Dr.Ing. Thesis) 

MTA-99-
126 

Mainçon, Philippe, MK Fatigue Reliability of Long Welds Application to 
Titanium Risers. (Dr.Ing. Thesis) 

MTA-99-
127 

Haugen, Elin M., MH Hydroelastic Analysis of Slamming on Stiffened 
Plates with Application to Catamaran Wetdecks. 
(Dr.Ing. Thesis) 

MTA-99-
128 

Langhelle, Nina K., MK Experimental Validation and Calibration of 
Nonlinear Finite Element Models for Use in Design 
of Aluminium Structures Exposed to Fire. (Dr.Ing. 
Thesis) 

MTA-99-
129 

Berstad, Are J., MK Calculation of Fatigue Damage in Ship Structures. 
(Dr.Ing. Thesis) 

MTA-99-
130 

Andersen, Trond M., MM Short Term Maintenance Planning. (Dr.Ing. Thesis) 

MTA-99-
131 

Tveiten, Bård Wathne, MK Fatigue Assessment of Welded Aluminium Ship 
Details. (Dr.Ing. Thesis) 

MTA-99-
132 

Søreide, Fredrik, MP Applications of underwater technology in deep 
water archaeology. Principles and practice. (Dr.Ing. 
Thesis) 

MTA-99-
133 

Tønnessen, Rune, MH A Finite Element Method Applied to Unsteady 
Viscous Flow Around 2D Blunt Bodies With Sharp 
Corners. (Dr.Ing. Thesis) 

MTA-99-
134 

Elvekrok, Dag R., MP Engineering Integration in Field Development 
Projects in the Norwegian Oil and Gas Industry. 
The Supplier Management of Norne. (Dr.Ing. 
Thesis) 

MTA-99-
135 

Fagerholt, Kjetil, MP Optimeringsbaserte Metoder for Ruteplanlegging 
innen skipsfart. (Dr.Ing. Thesis) 

MTA-99-
136 

Bysveen, Marie, MM Visualization in Two Directions on a Dynamic 
Combustion Rig for Studies of Fuel Quality. 



 

(Dr.Ing. Thesis) 

MTA-
2000-137 

Storteig, Eskild, MM Dynamic characteristics and leakage performance 
of liquid annular seals in centrifugal pumps. 
(Dr.Ing. Thesis) 

MTA-
2000-138 

Sagli, Gro, MK Model uncertainty and simplified estimates of long 
term extremes of hull girder loads in ships. (Dr.Ing. 
Thesis) 

MTA-
2000-139 

Tronstad, Harald, MK Nonlinear analysis and design of cable net 
structures like fishing gear based on the finite 
element method. (Dr.Ing. Thesis) 

MTA-
2000-140 

Kroneberg, André, MP Innovation in shipping by using scenarios. (Dr.Ing. 
Thesis) 

MTA-
2000-141 

Haslum, Herbjørn Alf, MH Simplified methods applied to nonlinear motion of 
spar platforms. (Dr.Ing. Thesis) 

MTA-
2001-142 

Samdal, Ole Johan, MM Modelling of Degradation Mechanisms and 
Stressor Interaction on Static Mechanical 
Equipment Residual Lifetime. (Dr.Ing. Thesis) 

MTA-
2001-143 

Baarholm, Rolf Jarle, MH Theoretical and experimental studies of wave 
impact underneath decks of offshore platforms. 
(Dr.Ing. Thesis) 

MTA-
2001-144 

Wang, Lihua, MK Probabilistic Analysis of Nonlinear Wave-induced 
Loads on Ships. (Dr.Ing. Thesis) 

MTA-
2001-145 

Kristensen, Odd H. Holt, MK Ultimate Capacity of Aluminium Plates under 
Multiple Loads, Considering HAZ Properties. 
(Dr.Ing. Thesis) 

MTA-
2001-146 

Greco, Marilena, MH A Two-Dimensional Study of Green-Water 
Loading. (Dr.Ing. Thesis) 

MTA-
2001-147 

Heggelund, Svein E., MK Calculation of Global Design Loads and Load 
Effects in Large High Speed Catamarans. (Dr.Ing. 
Thesis) 

MTA-
2001-148 

Babalola, Olusegun T., MK Fatigue Strength of Titanium Risers – Defect 
Sensitivity. (Dr.Ing. Thesis) 

MTA-
2001-149 

Mohammed, Abuu K., MK Nonlinear Shell Finite Elements for Ultimate 
Strength and Collapse Analysis of Ship Structures. 
(Dr.Ing. Thesis) 

MTA-
2002-150 

Holmedal, Lars E., MH Wave-current interactions in the vicinity of the sea 
bed. (Dr.Ing. Thesis) 

MTA-
2002-151 

Rognebakke, Olav F., MH Sloshing in rectangular tanks and interaction with 
ship motions. (Dr.Ing. Thesis) 

MTA-
2002-152 

Lader, Pål Furset, MH Geometry and Kinematics of Breaking Waves. 



 

(Dr.Ing. Thesis) 

MTA-
2002-153 

Yang, Qinzheng, MH Wash and wave resistance of ships in finite water 
depth. (Dr.Ing. Thesis) 

MTA-
2002-154 

Melhus, Øyvin, MM Utilization of VOC in Diesel Engines. Ignition and 
combustion of VOC released by crude oil tankers. 
(Dr.Ing. Thesis) 

MTA-
2002-155 

Ronæss, Marit, MH Wave Induced Motions of Two Ships Advancing 
on Parallel Course. (Dr.Ing. Thesis) 

MTA-
2002-156 

Økland, Ole D., MK Numerical and experimental investigation of 
whipping in twin hull vessels exposed to severe wet 
deck slamming. (Dr.Ing. Thesis) 

MTA-
2002-157 

Ge, Chunhua, MK Global Hydroelastic Response of Catamarans due 
to Wet Deck Slamming. (Dr.Ing. Thesis) 

MTA-
2002-158 

Byklum, Eirik, MK Nonlinear Shell Finite Elements for Ultimate 
Strength and Collapse Analysis of Ship Structures. 
(Dr.Ing. Thesis) 

IMT-
2003-1 

Chen, Haibo, MK Probabilistic Evaluation of FPSO-Tanker Collision 
in Tandem Offloading Operation. (Dr.Ing. Thesis) 

IMT-
2003-2 

Skaugset, Kjetil Bjørn, MK On the Suppression of Vortex Induced Vibrations 
of Circular Cylinders by Radial Water Jets. (Dr.Ing. 
Thesis) 

IMT-
2003-3 

Chezhian, Muthu Three-Dimensional Analysis of Slamming. (Dr.Ing. 
Thesis) 

IMT-
2003-4 

Buhaug, Øyvind Deposit Formation on Cylinder Liner Surfaces in 
Medium Speed Engines. (Dr.Ing. Thesis) 

IMT-
2003-5 

Tregde, Vidar Aspects of Ship Design: Optimization of Aft Hull 
with Inverse Geometry Design. (Dr.Ing. Thesis) 

 
 
IMT-
2003-6 

 
 
Wist, Hanne Therese 

 

Statistical Properties of Successive Ocean Wave 
Parameters. (Dr.Ing. Thesis) 

IMT-
2004-7 

Ransau, Samuel Numerical Methods for Flows with Evolving 
Interfaces. (Dr.Ing. Thesis) 

IMT-
2004-8 

Soma, Torkel Blue-Chip or Sub-Standard. A data interrogation 
approach of identity safety characteristics of 
shipping organization. (Dr.Ing. Thesis) 

IMT-
2004-9 

Ersdal, Svein An experimental study of hydrodynamic forces on 
cylinders and cables in near axial flow. (Dr.Ing. 
Thesis) 

IMT-
2005-10 

Brodtkorb, Per Andreas The Probability of Occurrence of Dangerous Wave 



 

Situations at Sea. (Dr.Ing. Thesis) 

IMT-
2005-11 

Yttervik, Rune Ocean current variability in relation to offshore 
engineering. (Dr.Ing. Thesis) 

IMT-
2005-12 

Fredheim, Arne Current Forces on Net-Structures. (Dr.Ing. Thesis) 

IMT-
2005-13 

Heggernes, Kjetil Flow around marine structures. (Dr.Ing. Thesis 

IMT-
2005-14 

Fouques, Sebastien Lagrangian Modelling of Ocean Surface Waves and 
Synthetic Aperture Radar Wave Measurements. 
(Dr.Ing. Thesis) 

IMT-
2006-15 

Holm, Håvard Numerical calculation of viscous free surface flow 
around marine structures. (Dr.Ing. Thesis) 

IMT-
2006-16 

Bjørheim, Lars G. Failure Assessment of Long Through Thickness 
Fatigue Cracks in Ship Hulls. (Dr.Ing. Thesis) 

IMT-
2006-17 

Hansson, Lisbeth Safety Management for Prevention of Occupational 
Accidents. (Dr.Ing. Thesis) 

IMT-
2006-18 

Zhu, Xinying Application of the CIP Method to Strongly 
Nonlinear Wave-Body Interaction Problems. 
(Dr.Ing. Thesis) 

IMT-
2006-19 

Reite, Karl Johan Modelling and Control of Trawl Systems. (Dr.Ing. 
Thesis) 

IMT-
2006-20 

Smogeli, Øyvind Notland Control of Marine Propellers. From Normal to 
Extreme Conditions. (Dr.Ing. Thesis) 

IMT-
2007-21 

Storhaug, Gaute Experimental Investigation of Wave Induced 
Vibrations and Their Effect on the Fatigue Loading 
of Ships. (Dr.Ing. Thesis) 

IMT-
2007-22 

Sun, Hui A Boundary Element Method Applied to Strongly 
Nonlinear Wave-Body Interaction Problems. (PhD 
Thesis, CeSOS) 

IMT-
2007-23 

Rustad, Anne Marthine Modelling and Control of Top Tensioned Risers. 
(PhD Thesis, CeSOS) 

IMT-
2007-24 

Johansen, Vegar Modelling flexible slender system for real-time 
simulations and control applications 

IMT-
2007-25 

Wroldsen, Anders Sunde Modelling and control of tensegrity structures. 
(PhD Thesis, CeSOS) 

IMT-
2007-26 

Aronsen, Kristoffer Høye An experimental investigation of in-line and 
combined inline and cross flow vortex induced 
vibrations. (Dr. avhandling, IMT) 

IMT-
2007-27 

Gao, Zhen Stochastic Response Analysis of Mooring Systems 
with Emphasis on Frequency-domain Analysis of 
Fatigue due to Wide-band Response Processes 



 

(PhD Thesis, CeSOS) 

IMT-
2007-28 

Thorstensen, Tom Anders Lifetime Profit Modelling of Ageing Systems 
Utilizing Information about Technical Condition. 
(Dr.ing. thesis, IMT) 

IMT-
2008-29 

Refsnes, Jon Erling Gorset Nonlinear Model-Based Control of Slender Body 
AUVs (PhD Thesis, IMT) 

IMT-
2008-30 

Berntsen, Per Ivar B. Structural Reliability Based Position Mooring. 
(PhD-Thesis, IMT) 

IMT-
2008-31 

Ye, Naiquan Fatigue Assessment of Aluminium Welded Box-
stiffener Joints in Ships (Dr.ing. thesis, IMT) 

IMT-
2008-32 

Radan, Damir Integrated Control of Marine Electrical Power 
Systems. (PhD-Thesis, IMT) 

IMT-
2008-33 

Thomassen, Paul Methods for Dynamic Response Analysis and 
Fatigue Life Estimation of Floating Fish Cages. 
(Dr.ing. thesis, IMT) 

IMT-
2008-34 

Pákozdi, Csaba A Smoothed Particle Hydrodynamics Study of 
Two-dimensional Nonlinear Sloshing in 
Rectangular Tanks. (Dr.ing.thesis, IMT/ CeSOS) 

IMT-
2007-35 

Grytøyr, Guttorm A Higher-Order Boundary Element Method and 
Applications to Marine Hydrodynamics. 
(Dr.ing.thesis, IMT) 

IMT-
2008-36 

Drummen, Ingo Experimental and Numerical Investigation of 
Nonlinear Wave-Induced Load Effects in 
Containerships considering Hydroelasticity. (PhD 
thesis, CeSOS) 

IMT-
2008-37 

Skejic, Renato Maneuvering and Seakeeping of a Singel Ship and 
of Two Ships in Interaction. (PhD-Thesis, CeSOS) 

IMT-
2008-38 

Harlem, Alf An Age-Based Replacement Model for Repairable 
Systems with Attention to High-Speed Marine 
Diesel Engines. (PhD-Thesis, IMT) 

IMT-
2008-39 

Alsos, Hagbart S. Ship Grounding. Analysis of Ductile Fracture, 
Bottom Damage and Hull Girder Response. (PhD-
thesis, IMT) 

IMT-
2008-40 

Graczyk, Mateusz Experimental Investigation of Sloshing Loading 
and Load Effects in Membrane LNG Tanks 
Subjected to Random Excitation. (PhD-thesis, 
CeSOS) 

IMT-
2008-41 

Taghipour, Reza Efficient Prediction of Dynamic Response for 
Flexible amd Multi-body Marine Structures. (PhD-
thesis, CeSOS) 

IMT-
2008-42 

Ruth, Eivind Propulsion control and thrust allocation on marine 
vessels. (PhD thesis, CeSOS) 



 

IMT-
2008-43 

Nystad, Bent Helge Technical Condition Indexes and Remaining Useful 
Life of Aggregated Systems. PhD thesis, IMT 

IMT-
2008-44 

Soni, Prashant Kumar Hydrodynamic Coefficients for Vortex Induced 
 Vibrations of Flexible Beams,  PhD 
thesis, CeSOS 

IMT-
2009-45 

Amlashi, Hadi K.K. Ultimate Strength and Reliability-based Design of 
Ship Hulls with Emphasis on Combined Global and 
Local Loads. PhD Thesis, IMT 

IMT-
2009-46 

Pedersen, Tom Arne Bond Graph Modelling of Marine Power Systems. 
PhD Thesis, IMT 

IMT-
2009-47 

Kristiansen, Trygve Two-Dimensional Numerical and Experimental 
Studies of Piston-Mode Resonance. PhD-Thesis, 
CeSOS 

IMT-
2009-48 

Ong, Muk Chen Applications of a Standard High Reynolds Number   
Model and a Stochastic Scour Prediction Model for 
Marine Structures. PhD-thesis, IMT 

IMT-
2009-49 

Hong, Lin Simplified Analysis and Design of Ships subjected 
to Collision and Grounding. PhD-thesis, IMT 

IMT-
2009-50 

Koushan, Kamran Vortex Induced Vibrations of Free Span Pipelines, 
PhD thesis, IMT 

IMT-
2009-51 

Korsvik, Jarl Eirik Heuristic Methods for Ship Routing and 
Scheduling. PhD-thesis, IMT 

IMT-
2009-52 

Lee, Jihoon Experimental Investigation and Numerical in 
Analyzing the Ocean Current Displacement of 
Longlines. Ph.d.-Thesis, IMT. 

IMT-
2009-53 

Vestbøstad, Tone Gran A Numerical Study of Wave-in-Deck Impact usin a 
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IMT 
2009-57 

Kong, Xiangjun A Numerical Study of a Damaged Ship in Beam 
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Shu, Zhi Uncertainty Assessment of Wave Loads and 
Ultimate Strength of Tankers and Bulk Carriers in a 
Reliability Framework. Ph.d. Thesis, IMT/ CeSOS 
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Intermittent Ventilation. Ph.d.thesis, IMT. 
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El Khoury, George Numerical Simulations of Massively Separated 
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Ph.d.-thesis, IMT. 

IMT – 
2011-71 
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Su, Biao Numerical Predictions of Global and Local Ice 
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Dong, Wenbin Time-domain fatigue response and reliability 
analysis of offshore wind turbines with emphasis on 
welded tubular joints and gear components, CeSOS 

IMT- 
2012-89 

Zhu, Suji Investigation of Wave-Induced Nonlinear Load 
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IMT-12-
2013 

Etemaddar, Mahmoud Load and Response Analysis of Wind Turbines 
under Atmospheric Icing and Controller System 
Faults with Emphasis on Spar Type Floating Wind 
Turbines, IMT 

IMT-13-
2013 

Lindstad, Haakon Strategies and measures for reducing maritime CO2 
emissons, IMT 

IMT-14-
2013 

Haris, Sabril Damage interaction analysis of ship collisions, IMT 



 

IMT-15-
2013 

Shainee, Mohamed Conceptual Design, Numerical and Experimental 
Investigation of a SPM Cage Concept for Offshore 
Mariculture, IMT 

IMT-16-
2013 

Gansel, Lars Flow past porous cylinders and effects of 
biofouling and fish behavior on the flow in and 
around Atlantic salmon net cages, IMT 

IMT-17-
2013 

Gaspar, Henrique Handling Aspects of Complexity in Conceptual 
Ship Design, IMT 

IMT-18-
2013 

Thys, Maxime Theoretical and Experimental Investigation of a 
Free Running Fishing Vessel at Small Frequency of 
Encounter, CeSOS 

IMT-19-
2013 

Aglen, Ida VIV in Free Spanning Pipelines, CeSOS 
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Drivetrain- Methodologies and Applications 
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Marine Systems 

IMT-19-
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Yugao Shen Operational limits for floating-collar fish farms in 
waves and current, without and with well-boat 
presence 
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Marine Structures 
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Design of Offshore Wind Turbines 
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Turbulent Flow Simulations at Higher Reynolds 
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Reliability Analysis of Wake-Induced Riser 
Collision 
 



 

IMT-6-
2019 
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Experimental Investigation of Injection and 
Combustion Processes in Marine Gas Engines using 
Constant Volume Rig 

IMT-7-
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Anna Maria Kozlowska Hydrodynamic Loads on Marine Propellers Subject 
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IMT-8-
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Hans-Martin Heyn Motion Sensing on Vessels Operating in Sea Ice: A 
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IMT-9-
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Stefan Vilsen 
 

Method for Real-Time Hybrid Model Testing of 
Ocean Structures – Case on Slender Marine 
Systems 
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Finn-Christian W. Hanssen Non-Linear Wave-Body Interaction in Severe 
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IMT-11-
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Trygve Olav Fossum Adaptive Sampling for Marine Robotics 

IMT-12-
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Jørgen Bremnes Nielsen Modeling and Simulation for Design Evaluation 

IMT-13-
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offshore wind turbine blade installation 

IMT-14-
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Daniela Myland Experimental and Theoretical Investigations on the 
Ship Resistance in Level Ice 
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Zhengru Ren Advanced control algorithms to support automated 
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IMT-16-
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Drazen Polic Ice-propeller impact analysis using an inverse 
propulsion machinery simulation approach 
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Endre Sandvik Sea passage scenario simulation for ship system 
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IMT-18-
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in ship ice transit simulations 
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Haugaløkken 

Autonomous Technology for Inspection, 
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induced Global Response of Floating Bridges 
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2020 

Stian Skaalvik Sandøy 
 

Acoustic-based Probabilistic Localization and 
Mapping using Unmanned Underwater Vehicles for 
Aquaculture Operations 
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2020 

Kun Xu Design and Analysis of Mooring System for Semi-
submersible Floating Wind Turbine in Shallow 
Water 

IMT-10-
2020 
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Cylinder Translating Above the Wall 

IMT-11-
2020 
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Factors based Approach 
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2020 
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2020 
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Control Methods for Effective Compensation 
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2020 
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Experimental and Numerical Hydrodynamic 
Analysis of a Damaged Ship in Waves 

IMT-15-
2020 

John Marius Hegseth Efficient Modelling and Design Optimization of 
Large Floating Wind Turbines 

IMT-16-
2020 

Asle Natskår Reliability-based Assessment of Marine Operations 
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IMT-17-
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Shi Deng Experimental and Numerical Study of 
Hydrodynamic Responses of a Twin-Tube 
Submerged Floating Tunnel Considering Vortex-
Induced Vibration
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Large Floating Offshore Wind Turbine Drivetrains 
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Fracture in Shell Structures 
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Perspective 
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