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Abstract

Seaweed is seen as a promising future source of biomass, and significant efforts are taken
to upscale seaweed aquaculture production in Europe. Despite regulatory frameworks for
food safety, environmental safety, and occupational health and safety applicable to seaweed
production, a major barrier to upscaling production is the lack of commonly accepted, uni-
form frameworks for safety assessment. As a consequence, efforts to deal with food safety,
environmental safety, and occupational health and safety are fragmented. Based on a litera-
ture review and consultations with stakeholders, this paper introduces a generic protocol on
how to approach safety of the production of seaweed. A prototype version of the generic
protocol was evaluated in a practical setting in Norway. Results show that a consistent,
structured approach to safety makes it possible to identify hazards and prioritize and col-
lect data on key hazards. The protocol facilitated a sector discussion on safety, providing
a shared discourse to talk about safety. It must be acknowledged that the farming and pro-
cessing practices and the location of cultivation strongly influence which hazards are most
relevant. The protocol succeeded in bringing focus to data collection, putting effort into the
analysis of hazards considered most relevant in a practical setting.
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Introduction

Seaweeds are seen as a promising resource, offering biomass for food and other applica-
tions. Cultivation of seaweed can help address contemporary challenges such as environ-
mental degradation, loss of biodiversity, and climate change (Hasselstrom et al. 2020;
Duarte et al. 2021; Yong et al. 2022; Rebours et al. 2014). The potential of seaweeds is
acknowledged by the European Commission through EU4Algae, a forum for collaboration
among European algae stakeholders', emphasizing seaweed’s important role as a source
of alternative protein for a sustainable food system in Europe and global food security.?
Subsequently, European Union (EU) initiatives such as the Farm to Fork strategy, the Blue
Bioeconomy Forum, and the Renewable Energy Directive call on community action to
better utilize the potential of algae. The EU Joint Research Council collects data on the
size and characteristics of the EU seaweed sector (including, among others, Norway),
concluding that in 2022, 194 companies were active in the EU seaweed sector. The UK
also sees renewed interest in seaweed production. Currently, the European seaweed indus-
try is mostly comprised of small scale enterprises that either cultivate or harvest seaweed
(Vazquez Calderon and Sanchez Lopez 2022). Two-thirds of the companies producing sea-
weed in Europe rely on wild harvesting, although investment opportunities and increase in
demand has led to a rise in the number of small farms cultivating seaweed (Vazquez Calde-
ron and Sanchez Lopez 2022; Kuech et al. 2023).

As the European seaweed aquaculture sector expands (Aradjo et al. 2021), there is
growing attention given to the possible drawbacks of upscaling seaweed aquaculture. From
a food safety perspective, the debate on the impact of seaweed consumption on human
health is characterized by a spectrum of standpoints. On the one hand, it is argued that sea-
weed can be a valuable contribution to diets, providing essential minerals (Lozano Muiioz
and Diaz 2022; Shannon and Abu-Ghannam 2019). On the other hand, there are concerns
about the accumulation of certain minerals in seaweed, resulting in potentially negative
health impacts of seaweed consumption (Lozano Mufioz and Diaz 2022; FAO and WHO
2022; Banach et al. 2020). A similar juxtaposition is visible when it comes to environ-
mental impacts. Reported positive impacts, among others, are biodiversity enhancements
(Radulovich et al. 2015; Duarte et al. 2021), climate change mitigation (Chung et al. 2013;
Yong et al. 2022; Froehlich et al. 2019), and nutrient remediation (Jiang et al. 2020; Xiao
et al. 2017; Racine et al. 2021). Concerns are also voiced about the facilitation of disease,
impacts on population genetics, and wider alterations to the physiochemical environment
(van der Meer 2020; Campbell et al. 2019; Tonk et al. 2021).

OHS management in micro and small enterprises (MSEs) can be problematic, and
evidence suggests that non-standard types of employment are not uncommon either (EU-
OSHA 2018). Published work on how health and safety are organized in seaweed MSEs
and start-ups in Europe is sparse, and little is known about the support and advice these
companies receive as well as whether compliance with OHS regulations is properly moni-
tored. There is a lack of information on the seaweed industry workforce, with literature
focused on occupational health and safety (OHS) in the sector also limited. Work condi-
tions in aquaculture, generally, and the seaweed industry more specifically, vary, and

! https://maritime-forum.ec.europa.eu/en/frontpage/1727
2 https://webgate.ec.europa.eu/maritimeforum/en/frontpage/1727
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consequently, OHS risks can also vary depending on the location, cultivation type, or spe-
cies cultivated (Cavalli et al. 2019; Wilding 2021; Fry et al. 2019; Holen et al. n.d.).

Furthermore, Cai et al. (2021) emphasized that “seaweed cultivation usually entails a
large amount of labor in planting, daily maintenance, harvesting, and post-harvest han-
dling, with a seasonal or occasional demand (e.g., a large number of workers are needed for
a short time period to harvest seaweeds at the optimal time to ensure desirable quality).”
Precarious employment can lead to poorer OHS management arrangements and outcomes
(Quinlan et al. 2001; Quinlan and Bohle 2009). Although it is known that subcontracting
and informal employment have grown in aquaculture (Cavalli et al. 2019), literature on
employment types within seaweed SMEs currently operating in Europe is sparse. Seaweed
price volatility can be passed down the value chain to small-scale seaweed farmers and
affect prices charged by suppliers. It has been reported that health and safety in small firms
are influenced by the lack of investment to improve working conditions when downward
price pressures are driven by buyers (James et al. 2007; Walters and James 2011).

Concerns about the safety of seaweeds as food (van der Spiegel et al. 2013; van Hoof
et al. 2020; Sa Monteiro et al. 2019; Mateo et al. 2020; Wood et al. 2017), environmental
impacts of large-scale cultivation (Campbell et al. 2019; van der Meer 2020), and OHS
impede further growth of the sector. To date, a clear and specific approach to the identifica-
tion, prioritization, and assessment of seaweed risks, and an approach that works for the
small and medium enterprises (SMEs) in the EU sector, is inadequate. Legislation related
to this sector is largely covered by directives (e.g., MSPD 2014/89/EU, MSFD 200/60/EC,
ASR 2014/1143/EU). When considering safety for food and feed applications, an overview
of legislation has been given by Banach et al. (2020). All do cover parts of the seaweed
production chain, but substantial data gaps are present and should be further addressed.
Although existing frameworks for (marine) risk assessment have safe and unsafe operating
practices codified into protocols and standards, such as the International Maritime Organi-
zations Formal Safety Assessment Framework (Kirk and Thompson 2021; Asuelimen et al.
2020), these tend to build on sector-specific experiences (van Hoof et al. 2020). Seaweed
aquaculture activities in Europe are, in comparison to Asia, in their infancy and hence do
not yet come with a history of experiences, but those involved do, of course, bear responsi-
bility for safety (Banach et al. 2020; Campbell et al. 2019).

The main objective of the Safe Seaweed by Design project reported in this paper was
to develop a generic protocol that can support the seaweed sector by stimulating an evi-
denced debate on the safety of seaweed production. For this, the following sub-questions
were addressed in this study:

— What would a prototype protocol to support the seaweed sector to discuss safety look
like considering the current state of the seaweed sector?

— How was the prototype protocol evaluated in the practical setting?

— What are the lessons learned for implementing the protocol in practice?

— What do the lessons learned tell us about managing safety in the seaweed sector?

The aim of the study was to develop a risk protocol that is beneficial to a professional
debate between seaweed producers, seaweed buyers, and other stakeholders in the seaweed
food value chain, with a focus on three dimensions: food safety, environmental safety, and
OHS. Along with the discrepancies with terms like hazards and risks, the term risk assess-
ment can also cause confusion between disciplines and stakeholders, also for seaweed
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farmers. This discrepancy has been reported for growers in the produce food chain. As
a result, Monaghan et al. (2017) developed an alternative approach, namely, a structured
qualitative grower seaweed farmer risk assessment, to communicate, in a simplified way,
the needs for food safety for primary producers. Our generic protocol follows a similar
approach for the seaweed sector, with a seaweed farmer risk assessment. The nuance in our
protocol is that safety encompasses more than one scientific discipline and is targeted at
seaweed cultivation in the EU.

The term “protocol” is commonly used in discussions on safety in various domains,
including food safety, maritime safety (Nawrot and Peptowska-Dabrowska 2020; Knapp
and Franses 2010), and OHS (Indrayani et al. 2022). In legal terms, the term protocol is
commonly used for agreements that are less formal than those entitled “treaty” or “con-
vention.” Our definition of protocol builds on this non-legal status; the protocol is defined
as an outline of good practices in relation to food safety and environmental safety when
producing seaweed. A protocol can also be defined as “a system of rules that explain the
correct conduct and procedures to be followed in formal situations.”® To distinguish from
protocols that provide more detailed guidance on, for example, sampling, trials, or experi-
ments (Lee and Chae 2021; Schreier et al. 2022), we use the term “generic protocol.”

This research focused exclusively on the relatively young seaweed aquaculture industry
in Europe. The study focused on the use of seaweeds for food, acknowledging that other
applications of seaweed (such as biomaterial) might come with different requirements.
The analysis focused particularly on concerns during seaweed farming (i.e., wild seaweed
cultivation was out of the scope), particularly the use of Saccharina latissima and Alaria
esculenta.

Methods

The project developed a generic protocol and tested it in a case study, which was then
evaluated afterwards, following the principles of prototyping (Camburn et al. 2017; Groth
and Seipold 2020; Venable et al. 2012). The prototype protocol was initially based on a
review of available literature and on consultation with stakeholders. Scientific prototyping
is a user-focused and evidence-based framework. The main goals are observation, the defi-
nition of ideas based on user needs, and sharp validation or disproval of the ideas aiming to
deliver and launch quality products (Galindo Bello 2018).

Protocol development

At the start of developing a prototype protocol, the study team conducted a literature
review and stakeholder consultation to identify how seaweed safety is dealt with, identify
existing frameworks and protocols, and identify lessons learned to move forward in draft-
ing the generic protocol (Fig. 1). These results had been published (Banach et al. 2022) and
were then further used in this prototype protocol.

3 https://www.britannica.com/dictionary/eb/qa/what-does-protocol-mean
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Literature review

The literature search on food safety aspects served to identify hazards in two types of
seaweeds when consumed as food (i.e., what kind of agents cause an adverse effect on
health when ingested by humans). Literature was searched in Scopus and Web of Sci-
ence for publications over the last 5 years. Search terms were built up in three search
strings: (1) seaweed, (2) “Food OR ‘human consumption,” and (3) ‘food safety’ OR
hazard* OR ‘adverse effect*” OR risk*.” These search terms were searched for in the
abstract, title, and keywords of scientific articles. Further details on the methodology
applied in this review are provided in the project publication by Banach et al. (2022).

The initial literature search for environmental safety and OHS was based on key-
words and phrases identified in relation to these topics and included both truncated vari-
ations and combinations of terms. Searches were carried out in the Google Scholar data-
base and were limited to the period 2011 to 2021 and articles written in English. The
relative scarcity of relevant OHS literature meant that further databases and an extended
time period were used for this area of the project. A review of the literature relating
to OHS experiences and the management and regulation of OHS within the aquacul-
ture sector, more broadly, was carried out in August 2021. Also reviewed were online
resources, official statistics, or reports published by governmental agencies, professional
associations, universities, national or international organizations, institutions, and bod-
ies. These were related to OHS, aquaculture, and/or seaweed cultivation.

References used in previous reports that focused on seaweed farming were reviewed
to gather further insight into the environmental safety of seaweed. From there, addi-
tional sources were selected, keeping in mind literature from the past 5 years. Search
terms related to seaweed farming or production and seaweeds (laminaria, Saccharina
latissima, etc.) were used. When needed, snowballing of literature was performed.

Search results were subject to a two-stage process for all three disciplines. First, man-
uscript titles were read, and any papers which were clearly irrelevant were discarded.
Second, abstracts of the remaining articles were read, and again papers that were not
relevant to the project were discarded. The papers that were retained after both of these
stages were downloaded into a reference management software package and reviewed in
full. To gather further insight into the environmental safety of seaweed, we performed
snowballing of literature, starting with the references used in previous reports that
focused on seaweed farming. Finally, when required, personal experience from working
directly in the seaweed sector and scientific expertise on this topic were used to deter-
mine the relevancy of the papers retrieved.

Exploratory interviews

Exploratory interviews were conducted with experts on seaweed and food safety (one
processor, two seaweed consultant, one academic researcher, and one producer). A sec-
ond round of interviews was carried out with 12 companies, farming, processing, and/
or selling seaweed, to identify hazards related to food safety, environmental safety, and
OHS and to provide additional insight into them. The methodology of how the inter-
viewees were chosen is described in detail in the above mentioned earlier project publi-
cation (Banach et al. 2022).
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In addition, further interviews were carried out to map the structure and organization
of work and employment in “new” seaweed cultivation areas. Eight additional inter-
views were conducted with seaweed owners/managers, workers, and stakeholders in the
seaweed industry; these were supplemented with twelve informal email discussions with
seaweed owners/managers and stakeholders in the seaweed industry. Three different dis-
cussion guides were developed, which were emailed in advance to the interviewees with
a document that provided information about the study and the planned use of data and
a consent form. The discussion guide included questions about the seaweed sector in
general, workplace/enterprise size, the type and length of work contracts, tasks, work
hazards including stress and fatigue, health and safety management systems in place
to protect from these hazards, incidents at work, and supply chain influence. The inter-
views were recorded and transcribed.

Based on the acquired insights and analysis of existing safety standards, the team devel-
oped a prototype protocol for food safety and environmental safety. We tested a prototype
of the generic protocol in consultation with Arctic Seaweed. An alternative approach was
taken for OHS, focusing less on hazards and their mitigation but rather on better under-
standing the day-to-day worker experience of OHS risks and arrangements for their man-
agement by those involved in seaweed cultivation, in particular those risks that may lie
outside direct physical, chemical, or biological hazards.

Design principles

The generic protocol was developed to be used in the different steps in seaweed farming
as well as different aspects that relate to health and safety issues that may be encountered,
such as food safety, maritime safety, and environmental safety. Inspired by other protocols
(van Hoof et al. 2020) and based on literature and consultation of stakeholders (Banach
et al. 2022), the following design principles for a generic safety protocol were identified:

(i) Hazards and risks may be confusing terms used differently in various disciplines.
In addition, seaweed-related risks can be complex, uncertain, and ambiguous (van
Hoof et al. 2020; van den Burg et al. 2020). A shared understanding across scientific
disciplines and stakeholders is needed.

(i) There is a limited accumulated experience in dealing with safety in the European
seaweed sector (Campbell et al. 2019). However, the seaweed sector is long with-
standing in countries outside of the EU. The protocol should facilitate a process to
come to a uniform approach for dealing with safety.

(iii)) The availability of reliable methods for seaweed farmers to use to collect data and
assess the risk should be considered.

(iv) Prioritizing the hazards and eventual risks to focus on is important given the preva-
lence of MSEs in the EU seaweed sector (Aragjo et al. 2021); a specific aim of the
generic protocol is to follow an approach that helps to focus on a limited number of
hazards.

The practical setting: Arctic Seaweed
Arctic Seaweed is a Norwegian seaweed producer cultivating brown seaweeds along the

Arctic Ocean. In 2021, they had three operational sites making use of a submerged modu-
lar and vertical system for farming seaweed. At two of these sites, Saccharina latissima
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was farmed, while at the third, Alaria esculenta was farmed. A notable design process
implemented by Arctic Seaweed is an integrated harvesting and processing principle. This
means that both harvesting and processing of seaweed occur on the vessel. Arctic Seaweed
also uses the same vessel for the deployment and collection of seaweed. During deploy-
ment, the seeded lines are submerged. For a farm needing about 16,000 m of substrate,
this design expedites the seeding process, with about 1 day required to deploy and seed the
lines compared to about 1 week for traditional deployment and seeding of vertical, long
lines. Arctic Seaweed’s design includes the full integration, mechanization, and onboard
processing of seaweed. Cultivation is done with a modular, vertical approach, providing
increased area efficiency in terms of producing seaweed. Besides the integrated harvesting
and processing principle set up in their ship-based operations, Arctic Seaweed also further
processes the seaweed (wet) at their production facilities.

Data was collected at Arctic Seaweed facilities between March 2022 and September
2022. A pre-installation ROV survey was already conducted in October 2021. The experi-
ences in how these data were collected were also evaluated.

Stakeholder workshop

A stakeholder workshop was held as a hybrid event (combining in-person and on-line
participation) in Bremerhaven, Germany, on 28 June 2022, prior to the Seagriculture EU
2022 conference, to get feedback on the protocol prototype. Information on the event has
been disseminated through the Seagriculture EU 2022 conference program, the Wagenin-
gen University & Research website, Linked In, and the Safe Seaweed Coalition.* In addi-
tion to the 12 project team members that attended, there was one live participant and five
online participants. The external participants had a mix of private, academic, and public
sector experience. Attendees brought expertise from working in multiple organizations. For
example, out of the external participants:

— Three participants worked for or have founded seaweed production companies.

— One participant worked for a university.

— One participant worked for an organization that supported private enterprise develop-
ment and inward investment.

— Two participants had previous experience in developing seaweed quality assurance
standards for government or certification organizations.

— The countries represented by the participants were Canada, Scotland, and Malaysia.

Evaluation of the generic protocol in a practical setting

A structured evaluation was carried out after applying the protocol in the practical setting
to identify lessons learned. Evaluation is a systematic assessment of the design, implemen-
tation, and outcomes of an intervention. It involves understanding how an intervention is
being, or has been, implemented and what effects it has, for whom and why. Such evalua-
tions look to identify what can be improved and estimate a project’s overall impacts, effec-
tiveness, and efficiency. The evaluation of the practical setting represents a post-project
evaluation. The evaluation was completed through the following steps:

4 https://www.linkedin.com/feed/update/urn:li:activity:6938147037204889600/
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(1) Document review by the evaluation facilitator who, in order to bring a fresh perspective
to the evaluation, was not involved in practical delivery.
(2) Two internal workshops with the delivery team to evaluate the delivery process:

(a) The first workshop was with the project coordinators, environmental safety spe-
cialists, OHS specialists, and an Arctic Seaweed representative.

(b) The second workshop was with project coordinators, food safety specialists, and
an Arctic Seaweed representative.

(3) Follow-on interviews with representatives from monitoring equipment providers SAT-
POS and Radgivende Biologer to identify lessons learned from deploying the equip-
ment on site.

(4) Clarifying discussions by email and telephone to ensure the accuracy of the evaluation.

Results: the generic protocol

The next sections discuss the concept of the protocol before introducing the principles
underlying the design of the generic protocol and its application in a practical setting.

Seaweed production consists of a number of stages in production and processing, each
with its own hazards. The production of seaweed at sea augments concerns about safety
aspects. A few studies have investigated risk governance and frameworks to assess food
safety risks when considering seaweed cultivation. These studies examined a combined
— or multi-use approach — of seaweed cultivation at a wind farm. First, van den Burg
et al. (2020) addressed risk governance, indicating that governance includes formal insti-
tutions and regimes. These refer to the totality of actors, rules, conventions, processes,
and mechanisms concerned with how relevant risk information is collected, analyzed, and
communicated and how regulatory decisions are taken (Dreyer and Renn 2009; Renn and
Klinke 2015; Van Asselt and Renn 2011). The SOMOS study (van den Burg et al. 2020)
concluded that “current risk governance for multi-use is poorly equipped to deal with the
systemic nature of risks.” This means that the complexity of risk needs to be refined for
multi-use concepts where seaweed cultivation is included. One could also extrapolate that
a layer of complexity of the risk remains in non-multi-use or co-location settings,> given
the multiple stakeholders involved along a food chain as well as the multiple disciplines
involved with safety. Van den burg et al. (2020) advocated that an adaptive, flexible, and
inclusive framework for risk assessment is required to deal with the complexity of risks.
Moreover, the notion of risk communication and inclusion of stakeholders is brought to the
forefront, the former of which is also advocated in the food safety risk analysis approach
(Frewer 2000; Nayak and Waterson 2019). In our generic protocol developed, these princi-
ples are also applied.

Based on the design principles presented above, the literature review, and expert con-
sultation, the following generic protocol was developed (see Fig. 2). The generic protocol
consists of five steps that together contribute to a shared understanding of the hazards and

5 Co-location is used when there is no interaction between different users, whereas multi-use does assume
some interaction such as shared infrastructure or resources.
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Fig.2 Generic protocol for discussing seaweed safety

risks, the prioritization and seaweed farmer risk assessment of remaining hazards, and the
next steps to take for a seaweed farmer risk assessment.

The transparent application of this generic protocol makes it clear what hazards are to
be taken into account, which ones are prioritized, and which ones should be assessed in
detail in a seaweed farmer risk assessment.

Applying the generic protocol prototype

The next sections explain each step of the generic protocol and describe how it was imple-
mented in a practical setting. Acknowledging that the generic protocol needs to be tailored
to a specific situation, the experiences gained in a practical setting were valuable in criti-
cally assessing the protocol, identifying practical issues in seaweed farmer risk assessment,
and formulating recommendations.

Step 1: familiarize

The objective of this first step is to ensure a good start to the process, warranting all
involved are on the same page. The concepts used in discussions on safety are prone to
personal perception and interpretations (Marshall 2020; Gurgis et al. 2022; Glette-Iversen
et al. 2022), and the role of a safety professional is dependent on institutional and relational
factors (van Wassenhove et al. 2022). In this context, the first necessary step is to come to a
shared understanding of key concepts used when dealing with safety.
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How was it applied in a practical setting?

We aimed for a shared understanding of key terms, including those like hazards and risks,
by means of a shared glossary. In developing the glossary, we used commonly accepted
definitions from the FAO, along with those from other governmental organizations like the
European Food Safety Authority (EFSA). For example, a hazard can be something that has
the potential to harm you, while risk is the likelihood that the hazard causes harm.® Besides
hazard and risk, it is important to understand the risk analysis approach. The approach is a
well-established model that illustrates a process toward “effective and transparent decision-
making” of risks.” It comprises three parts: risk assessment, risk management, and risk
communication. The process is often depicted as interdisciplinary. Evaluations are scien-
tifically based — the risk assessment component and policy-based — the risk manage-
ment component. The surrounding discussion on these components represents an interac-
tive exchange of information on the risk between risk assessors, risk managers, and other
relevant stakeholders.

Step 2: identify hazards

The objective of the second step is to identify the potential hazards in order to come up
with a long list of potentially relevant hazards. In this step, the identification is key —
not the prioritization of hazards. To identify hazards, scientific literature, public databases,
and accumulated experience, e.g., with risk management, can be consulted. For established
sectors, national or international guidelines such as the Codex Alimentarius, the EFSA’s
scientific assessment practices, and the Food and Drug Administration provide specific
directions on relevant food safety hazards that can be used. At the time of writing, the step
should be based on a review of relevant publications (FAO and WHO 2022) and expert
judgment. Environmental assessment (such as conducted under the EU Marine Strategy
Framework Directive) and environmental impact assessment can be instrumental in identi-
fying key environmental issues.

How was it applied in a practical setting?

The literature review and interviews resulted in a long list of non-prioritized hazards for
food and environmental safety. For OHS, it was important to understand the wider context
in which seaweed companies operate, the structure and organization of work as well as
how safety is managed. The extended literature review and mapping of the seaweed indus-
try, followed by discussions with producers, workers, and stakeholders, identified a number
of issues relating to OHS in the seaweed industry.

Step 3: assess relevance and priority

In order to take the next step from a non-prioritized longlist of hazards to a selection of
relevant hazards, it is necessary to identify which hazards are (a) relevant and (b) a priority
in this study from the perspective of a seaweed farmer. This step is influenced by a number

® https://www.efsa.europa.cu/en/discover/infographics/hazard-vs-risk
7 https://www.fao.org/food/food-safety-quality/capacity-development/risk-analysis/en/
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of factors. First, determining the local site conditions, including physical and environmen-
tal conditions, which hazards are relevant, e.g., the presence of contaminants in the envi-
ronment influences food safety hazards, and how, for instance, water depth may influence
the chances of impact on the seafloor and consequently environmental safety. The produc-
tion system used is the second factor, taking into account the materials used, constructions
used, and density of farming. Third, the relevance of hazards for food safety, environmental
safety, and OHS is dependent on the seaweed species cultivated. The demands of stake-
holders should be considered here as well, including governmental regulation and food,
environmental, and OHS standards required by buyers of the seaweed produced. Lastly, the
wider context in which companies operate (such as enterprise size) can be influential, and,
particularly for OHS, employment arrangements should also be taken into consideration.

The tension of the cultivation ropes is a prime criterion for the entangling of other spe-
cies. The density of the cultivation and the distance of the ropes influence several fac-
tors: impact of shading, risks when boats pass in between for monitoring or harvesting, or
potential local nutrient competition for other species. But here again, the local environmen-
tal conditions are very closely related to the hazards becoming a risk or not. Currents and
water depth will, for instance, allow one cultivation structure to bear no risk in one location
but will have negative effects in another. That is why the hazards, also from the cultivation
structure and not only from the farming practice itself, need to be assessed according to the
local conditions.

How was it applied in a practical setting?

Since the prioritization of hazards will be based on both the impact of the hazard and the
practical considerations for this research project, the ranking was conducted in two steps.
In the first step, a ranking by a wide range of individuals involved in the seaweed sec-
tor through a survey was performed. Secondly, in-depth sessions with experts and project
members were organized to discuss the analytical feasibility® of the hazards and how rel-
evant they are to the project (i.e., how they “fit” Arctic Seaweed’s cultivation site) as cri-
teria for hazard selection. After having received the survey results, the study team organ-
ized a working group session to analyze the present hazards for analytical feasibility and
relevance, given the practical setting. Whenever external input regarding a specific hazard
was needed, external experts were consulted through interviews.

Step 4: prevent and mitigate

The next step in the generic protocol encompasses the prevention and mitigation of risks.
The most important risks to be addressed by the farmer are selected, and mitigation strate-
gies are developed. There may be low-hanging fruits, i.e., hazards that can be prevented
from becoming risks by making changes in the production process that could immediately
be taken. There could already be information, e.g., from permitting or where regulation

8 Originally, it was thought to use the criterion “available data.” After subsequent discussions, it became
clear that the criterion “analytical feasibility” would be more useful for the continuation of the project. It
was mentioned that missing data may well be a very good criterion to do further research on a hazard and
should not be used as a reason for exclusion. In the final selection of the hazards, the data availability was
still part of the discussion, yet here as a reason for inclusion to provide comparable data.
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considered this will not be a problem. Other risks may not be prevented completely, but
important steps to mitigate the impact can be taken.

Many hazards that a seaweed farmer may encounter are influenced by the environment
of the cultivation site. Therefore, when planning to cultivate seaweed, we recommend con-
sidering the site selection as well as in relation to the seaweed species to be cultivated.
During such a seaweed farmer risk assessment, one should map out where hazards could
be introduced, how these may be increased, reduced, or remain present, and how hazards
could be prevented or mitigated for each step in the seaweed value chain. Also, although
seaweed processing may lower the levels or concentrations of some hazards, it can be a
source of cross-contamination or re-contamination if proper hygiene and sanitation are
lacking. Thus, it is also essential to maintain good hygiene practices along the seaweed
food value chain. There are environmental hazards affiliated with seaweed farming which,
especially on a larger scale, can permanently damage the environment. Most are manage-
able, and mitigating measures should be developed and implemented. OHS hazards can
extend from the acute and physical to the latent and psychosocial, and those related to the
structure and organization of work and employment.

How was it applied in a practical setting?

Through several discussions with the seaweed cultivators of Arctic Seaweed, it became
clear what preventative measures were already taken. Littering and fouling in the environ-
ment can mostly be resolved by good practices, e.g., making sure all equipment is secured
and losses of waste are minimized. Too much noise disturbance is avoided by using the
boat only on a few days, and only when necessary, ropes are under tension which avoids
the entangling of larger species. They also processed the seaweed to lower the arsenic and
iodine content and implemented good aquaculture practices to avoid contamination of the
water with, for instance, viruses. First, incoming data from measurements undertaken did
allow some insights, such as when fermentation is included in the production process, it
leads to greater variation within batches meaning sampling strategies should account for
this greater variety of outcomes. The use of non-toxic or non-harmful compounds can be
made mandatory and could be written on lists as being accepted in the usage of seaweed
farming. By using ROV imaging, a better insight can be generated for the farmer to assess
the major littering origin. When a new system for seaweed cultivation is to be developed, it
could be proposed to do a video survey to find the weakest links in the farm structure and
replace those compounds with stronger parts.

When concerning the practical setting to be used to test the generic protocol, frequent,
two-way communications with their workers occurred, which involved open discussions on
health and safety; these include, for example, daily morning meetings during busy periods,
where workers were encouraged to ask questions and voice concerns. However, interviews
with owners/managers and workers of seaweed farms suggest that many companies do not
involve their workers in discussions around OHS, with workers being the recipients of the
information. Also, risk management measures generally do not extend to psychosocial or
indirect/non-acute risks and enforcing authorities often lack resources to monitor OHS
conditions. Other factors that can affect OHS are the complexity of the industry, lack of
research on how to improve working conditions, precarious employment, price volatility,
and small company size. Following those findings, a set of recommendations to the indus-
try as a whole was produced, rather than solutions on how to prevent and mitigate specific
hazards.
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Table 1 Data evaluation of hazards prioritized and analyzed during the pilot

Hazards*

Method for data collection

Metals (As, iAs, Cd, Hg, etc.)

Other elements (I, Se)
Salmonella spp.

Bacillus cereus

Norovirus

Tropomyosin

The input of litter

Shading. The absorption of light by the cultivated
seaweed

Physical disturbance to the seabed

The depletion of nutrients in the ecosystem by the
domesticated seaweed

Samples of seaweed are collected after each produc-
tion step (harvesting, blanching, fermenting). The
sampled thalli were cut into pieces and packed in
labelled sample bags. The samples were sent off to
the laboratory for analysis.

Method used: ICP-MS and HPLC-ICPMS

[Idem for sampling]

Method used: ICP-MS

[Idem for sampling]

Method used: detection and enumeration

[Idem for sampling]

Method used: presumptive determination, followed
by identification method Maldi-Tof

[Idem for sampling]

Method used: polymerase chain reaction (PCR)

[Idem for sampling]

Method used: Enzyme-Linked ImmunoSorbent Assay
(ELISA)

Visual inspection by ROV footage on the seafloor

Light measurements at different water depths inside
and outside the seaweed farm

Visual inspection by ROV footage on the seafloor

Chemical analysis of nutrients at different locations
inside and outside the seaweed farm and nutrient

contents of seaweed tissue

*In addition, the moisture content of the seaweed was analyzed

Step 5: seaweed farmer risk assessment

The objective of this final step is to conduct qualitative and/or quantitative seaweed farmer
risk assessment of the remaining hazards. To collect data, specific protocols for data col-
lection need to be developed to ensure that data collection gives a reliable picture of the
hazards studied. New data collection is demanding, and existing data should be used
where possible as it can provide meaningful insight into local conditions that impact the
assessment.

How was it applied in a practical setting?

In the project, a number of key hazards were prioritized to be analyzed during the pilot.
Methods for data collection and/or evaluation were recorded (Table 1). Data collection
focused on food safety and environmental safety.

For food safety, sampling strategies were tested on the seaweed Saccharina latis-
sima for representative metals, other elements like iodine and selenium, the allergen
tropomyosin, and microbiological pathogens (Bacillus cereus, Salmonella spp., Vibrio
spp., and norovirus). Arsenic speciation between organic and inorganic forms was also
performed. Seaweed samples were collected during the harvest, from May 2 to 5, 2022,
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and analyzed by several analytical laboratories in Norway. When possible, accredited
methods were used.

Out of a list of 22 potential environmental hazards, four hazards were selected for a
field assessment. On the selected site, both Saccharina latissima and Alaria esculenta were
cultivated. The selected hazards concern littering by the unintended release of materials,
shading caused by the presence of a seaweed farm, disturbance of the seabed, and nutrient
depletion as a result of nutrient uptake by cultured seaweed.

Additionally, the study made use of a combination of sensors to get online insight into
water temperature (°C), salinity, pH, dissolved oxygen levels (mg/l), and sunlight (lux).
These sensors are more related to information valuable for seaweed production rather than
the assessment of hazards.

Evaluation and discussion

The evaluation concluded that the generic protocol was useful in identifying the most rel-
evant hazards and bringing focus to further data collection. Through the application in a
practical setting, a number of lessons were learned, and implementable recommendations
were identified.

Lessons learned and recommendations relevant to seaweed producers

The following recommendations on a micro/company level focus on how to adapt the
generic protocol for specific needs and how to plan for safety management for food and
environmental safety. They also stress the importance of timing for measurements and
sampling and how to best utilize already available data. Lastly, they also advice on the
inclusion of workers when designing OHS approaches.

The generic protocol is a steppingstone toward specific protocols

The specific farm set-up co-determines which hazards and/or risks are most relevant for
food and environmental safety. While generalized protocols can be designed, each industry
actor will need to adapt their protocols to the specific needs of their seaweed value chain.

Industry actors should discuss the sampling requirements in more detail with the labora-
tories that will undertake the analysis to understand the laboratory’s expectations and their
capabilities (e.g., which accredited methods are available, what form the seaweed should
be delivered, etc.). The feedback related to the food safety protocol shown during the work-
shop was diverse. Participants generally recognized the need to monitor some food safety
hazards routinely, e.g., in the form of a laboratory-supplied “package” of analysis. The par-
ticipants acknowledged the presented prioritized hazards for seaweed, and no additional
hazards were suggested, but it was also explained that often the seaweed producers analyze
the seaweed with a “full package” from the laboratory they work with. Sometimes one is
limited to the capabilities of the laboratory. The results of the discussions should be inte-
grated into a site-specific sampling plan.

There are inherent trade-offs when selecting which parameters to measure and the level
of assurance that is needed. For example, some product applications may need greater risk
assurance than others.
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Planning for safety management

Once protocols for food and environmental safety are established for each seaweed produc-
tion site, fewer resources are required to undertake the analysis required as it will be about
carrying out the analysis instead of designing the protocols. This could make monitoring
significantly more cost-effective. Development of effective safety protocols will likely be
iterative for each production site as location-specific lessons are learned from year to year.
There may be opportunities to combine safety monitoring with monitoring focused on
optimizing production yield. Safety monitoring should be integrated into the operation and
maintenance plan to ensure minimum disruptions to the seaweed harvest timetable.

Timing is crucial

Relevant moments for sampling and setting up monitoring start before the growing phase
to capture the impact during the growth phase. Some measurements are comparatively with
and without seaweed; thus, missing the “before growth phase” measurements makes the
comparison impossible. Seaweed farming is praised for not needing much maintenance
once infrastructures and growth lines are out in the water. Yet this also means that once it is
deployed in the water, there is not much to be mended or changed. This limits the number
of moments where one can mitigate or collect data.

Use available data when possible

A lot of data is necessary to conduct a seaweed farmer risk assessment for food, and envi-
ronmental safety is already out there and available for use. Local authorities might meas-
ure the quality of the water already regularly for other industries, or other industries have
already mapped out the bathymetry of the area for their own assessments, or scientific
research projects might have measured other data, like quantitative or qualitative biodiver-
sity in the area, that can be used when possible or available. Some of the measurements for
the seaweed farmer risk assessment are costly or time-consuming. It can be worth looking
at existing data and if it could be meaningful to propose collaborations with other maritime
sectors for regular measurements.

Participatory OHS management systems

For OHS, our recommendation on a farm-micro-level is that owners/managers involve their
workers (permanent and temporary) and/or representatives when they design approaches
to OHS. These approaches would include regular risk assessments, provision of adequate
and well-maintained PPE, and training received during induction but also through refresher
courses throughout employment.

Lessons learned and recommendations relevant to the wider seaweed sector

While the generic protocol was developed to support the private sector in dealing with
seaweed safety, the important role of the wider seaweed sector, including regulators and
supply chain, in risk management became apparent when developing and evaluating the
protocol. These actors play a pivotal role in ensuring safety is addressed in development of
the seaweed aquaculture sector. The following recommended actions are identified.
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Tailored guidance

It is important to acknowledge that, consistent with the findings of the literature review,
owner-managers of start-ups and MSEs across industry sectors often struggle to recognize,
understand, and comply with safety requirements (Legg et al. 2015). This reflects a lack of
resources, including those related to funds, time, and in-house expertise. Owner-manag-
ers are frequently managing all aspects of their business, from accounts to marketing, and
as our findings also suggest, these competing demands can mean that safety is afforded a
relatively low priority. Research from other sectors further suggests that in these circum-
stances, a sector-specific guide to safety management in practice, delivered in an accessible
format and supported with individual advice, is most likely to achieve effective compliance
among such enterprises.

Joined-up approach to safety

Furthermore, safety is commonly the regulatory responsibility of more than one govern-
ment agency which may lack resources to enforce regulations (Watterson et al. 2019). For
example, in the UK, the Health and Safety Executive has reduced the number of its inspec-
tions, focusing mostly on hazardous industries, which would decrease visits to MSEs (EU-
OSHA 2018). In order to maximize reach, the various bodies ensuring licensing and regu-
latory compliance for food safety, environmental safety, and OHS could offer coordinated
support in all of these areas when any of them come into contact with seaweed companies.
Advice offered could help especially those companies that struggle with a lack of knowl-
edge and have limited resources, in particular MSEs and new companies.

Define “acceptable”

It was discussed what is found to be an acceptable level of impact. It is clear that sea-
weed cultivation will impact the environment, but the scale and severity of the impacts
determine whether it is acceptable or not. In our view, this is rather a discussion to
be held between policymakers and the local communities, which are the ones defining
acceptability in the end. This could be captured by data collection from social scientists
rather than only by marine biologists or ecologists. However, defining this acceptability
early on, e.g., during step 1 familiarize (see Fig. 1), is important to ensure all stakehold-
ers mean the same thing.

Identify best practices

Our research made clear that there is little accumulated experience with assessing the
environmental hazards and how to mitigate them. This might partially be due to the green
image seaweed cultivation has, reducing the urge to look at environmental hazards. Con-
cerns on genetic aspects (e.g., ennoblement, the interaction between cultivation strains
and natural populations) are perceived as urgent. Nowadays, a best practice approach is
used, but what is defined as “best” differs strongly. For example, a participant in the work-
shop noted that while in northwest Europe, a region of ~100 km is used as the maximum

@ Springer



Aquaculture International

distance between the cultivation site and the location where the parental material is derived
from, Canada and the USA use ranges of respectively ~25 km and ~50 km.

Leverage supply chain pressure

Supply chain pressures on OHS can be used to a positive effect, especially when there is
a longstanding, collaborative relationship between buyers and suppliers and there is some
form of regulatory scrutiny and pressure (James et al. 2007). Buyers monitoring their sup-
pliers’ arrangements in terms of food safety, environmental safety, and OHS could be an
innovative approach in the relatively young seaweed sector in the West, with requirements
by buyers being simple and consistent so that they do not put extra pressure on those com-
panies that are new and/or small.

Using the generic protocol

The impact of the developed generic protocol relies upon the level of industry adoption,
which will be shaped by a number of key assumptions and external factors, including the
following:

— Industry capacity and capability to adopt new monitoring best practices.

— Availability of external project team resources (e.g., trained laboratory staff).

— How generalizable are the protocols for other locations and production scales?

— How clear and consistent safety monitoring requirements are for each specific sea-
weed value chain to allow farmers to improve arrangements (e.g., for OHS) and make
informed choices on sampling design?

This study was focused on three disciplines — food safety, environmental safety, and
OHS — but as the sector grows, new concerns might become more relevant, including, for
instance, the dangers of seaweed farming infrastructure for other maritime infrastructures
and transport. For example, the application of multi-use or co-location of seaweed with
other foods (e.g., with mussel cultivation or fish farming) or non-food (e.g., at a windmill
park) warrants attention. Furthermore, how these three disciplines are involved, as well
as other disciplines (e.g., policy, structural engineers, other aquaculture farmers — mus-
sel, fish, etc.), may also need to be considered in future evaluations of the generic proto-
col. Therefore, open access repositories with lessons learned after using and evaluating the
generic protocol can support others in the seaweed sector with safety assessment and may
help in lowering the time and resources needed for seaweed cultivation.

Conclusion

The experiences in the project confirmed that assessing the hazards, risks, and risk man-
agement of seaweed production and use for food is still in an early phase in Europe. There
are no clear directions from buyers and limited experience from laboratories.

The Safe Seaweed by Design project tested and evaluated a prototype protocol for safe
seaweed production and use in the food sector. Key lessons learned on the generic protocol
include the following:
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(i) The protocol instigated a fruitful discussion on safety, providing a shared discourse to
talk about safety.

(i1) The protocol was successful in focusing data collection efforts on a number of key haz-
ards considered most relevant in a practical setting (at offshore kelp farms in Norway),
in particular for environmental and food safety.

(iii) The production practices, the location, and the seaweed species can strongly influence
which hazards are most relevant to environmental and food safety.

(iv) The important role of regulators in setting the scene for risk management is apparent,
as is regular communication on risk management between managers, scientists, and
policymakers.

(v) A facilitating approach that includes supply chain requirements and public bodies
offering support when coming into contact with seaweed companies could contribute
to improvements in all three aspects of food safety, environmental safety, and OHS.

The generic protocol was not developed to be a blueprint for risk management but to
support a discussion on safety. Further development of the protocol is needed, in particu-
lar by applying it in specific settings, including those that extend beyond the cultivation
of brown seaweed and especially where co-location or multi-use of seaweed is envisioned
with other food systems. As experience builds up, it becomes easier to use these and make
more efficient use of available background information and accumulated experience in
dealing with seaweed safety.
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