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What you see... What is happening... 

 

We all think about deforestation and the devastating disappearance of forests on land, 
from the burning of the Amazon to wildfires in southern Europe, Siberia and California. 
But something similar has happened under the ocean completely out of view that 
destroyed Norway’s kelp forests across an estimated 8400 km2.  
 
The loss of sea urchin predators led to a population explosion of the green sea urchin, 
Strongylocentrotus droebachiensis, causing the largest overgrazing events ever 
observed in the NE Atlantic around the early 1970s. Highly productive kelp forests were 
transformed into desert-like urchin barrens that have persisted for many decades, 
impeding coastal communities from fully benefitting from the goods and services these 
habitats provide. 
 
Norwegian kelp forests are important carbon sinks and nutrient filters, as well as focal 
points for high biodiversity and abundances of commercial fish species, generating an 
estimated €16.7 million per km2 per year. In comparison, boreal forests are valued at 
about €0.24 million per km2, which makes kelp forests 70 times more valuable than their 
terrestrial counterparts. Today, urchin barrens still dominate around 5000 km2 and if 
restored back to kelp forests would provide an extra $83.6 billion per year – a value 3 
times as high as all of Norway’s terrestrial forests combined.  
 
There is no doubt that if Norway lost all its trees today, there would be a public outcry 
over their disappearance and calls for immediate restoration actions; a perception that 
must be adopted for kelp forest ecosystems to firmly establish their conservation and 
restoration as an integral part on political agendas.  
 
Now is the time to move kelp forests into the spotlight by demonstrating the true 
potential these marine habitats have to support coastal communities and foster the blue 
economy.  
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PREFACE 
 
Many international and national commitments and laws call for action to restore coastal 
and marine environments. The OSPAR convention states to “restore marine areas which 
have been adversely affected” and the Nature for Life (Norwegian action plan for 
biodiversity) demands that Norwegian government policy is to achieve “good condition 
of the ecosystem”. It also calls for “knowledge-based management” and “tailor-made 
solutions for various ecosystems” to which this report contributes. 
 
An important prerequisite for the restoration of natural habitats is a well-functioning 
toolbox, with well-established and scientifically tested methods. This report provides 
guidance for the restoration of kelp forests, specifically in Northern Norway. It addresses 
the main benefits of kelp forests and the need for their restoration, and provides 
strategies for practitioners and policymakers on how to achieve this. Target groups of 
the report are primarily natural resource managers and policymakers, restoration 
practitioners from national and regional organisations, commercial urchin enterprises 
and local communities with interest in the restoration of productive coastal habitats and 
their socioeconomic benefits. The work also supports the needed public enlightenment 
of the problems that sea urchin barrens and the loss of kelp forests present for the 
health and productivity of Norway’s marine coastal systems.  
 
The work was initiated by SeaForester and the Norwegian Institute for Water Research 
(NIVA). The report was developed by a consortium of researchers from SeaForester, 
NIVA and Akvaplan-niva, with expertise in kelp forest ecology and habitat restoration. 
 
We thank Wenting Chen from NIVA for her assistance and support and Philip James from 
Nofima who kindly provided information about sea urchin traps and products. We also 
greatly acknowledge the input from PlanBlue, Aquaai and C-Robotics that provided key 
information on novel marine technology solutions for harvesting sea urchins and 
monitoring marine habitats. We also thank Brian Tsuyoshi Takeda from Urchinomics and 
his staff for the valuable input on the sea urchin ranching process and market 
opportunities for a developing sea urchin fishery in Norway. 
 
 
June 2021 
 

 
Hartvig Christie 
Senior Scientist at the Norwegian Institute for Water Research (NIVA) 
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EXECUTIVE SUMMARY  
 
Kelp forests are highly productive underwater seascapes and are among the most 
ecologically and socioeconomically important habitats on the planet. These marine 
forests are important carbon sinks and nutrient filters, and focal points for high 
biodiversity. Kelp forests support productive fisheries, are attractions for recreational 
ocean users, protect coastlines and provide biomass for commercial kelp harvesting, 
among other services. Globally, kelp forests generate an estimated €515 billion 1 
annually in economic benefits with a per-area value of Laminaria forests in the North 
Atlantic of €16.7 million per km2 per year which is considered an underestimation of 
their true value.  
 
Laminaria hyperborea and Saccharina latissima form dense forests along the shallow 
coastal zone in Norway and are the two most important species in terms of their spatial 
extent, habitat provision, biomass production and revenue to commercial kelp 
harvesting. The loss of urchin predators led to a population explosion of the green sea 
urchin, Strongylocentrotus droebachiensis, causing large scale overgrazing events 
around the early 1970s. Highly productive kelp forests were transformed into desert-
like urchin barrens across an estimated 8400 km2 and have persisted for many decades, 
especially in northern parts of Norway.  
 
These large-scale losses are now reversing in some regions, attributed to climate change 
and increasing crab predation. In the Norwegian Sea, around 50% of the previously lost 
kelp forests have recovered whereas in the Barents Sea region north of Tromsø no 
noticeable recovery has occurred. Here only 20% of the original kelp forest extent exist 
today. 
 
Albeit the observed recovery, the remaining urchin barrens are still extensive and 
provide an enormous potential for commercial exploitation and recovery of kelp forests 
together with their economic benefits. In Nordland and Troms/Finnmark, an estimated 
14780 km of coastline are dominated by urchin barrens that should be targeted by 
future restoration initiatives. Re-growing these extensive habitats across an estimated 
5000 km2 would generate economic benefits of around €83.6 billion annually, making 
kelp forest restoration attractive for both public and private investment. 
 
Urchin density control has been identified as one of the most effective management 
measures to rebuild kelp forest ecosystems today. The purpose of this publication is to 
provide a science-based strategy for the restoration of kelp forests from urchin barrens 

 
1 Conversions from USD to € were made using the 2010 average currency rate of 1.327  
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in Norway by providing information on both the legal framework as well as key concepts 
and practical approaches for implementing restoration actions.  
 
An ideal scenario for the recovery of kelp forests from urchin barrens  
The most feasible solution to recover kelp forests from urchin barrens is a stepwise 
approach using efficient harvesting methods for subsequent commercial roe 
enhancement as well as other commercially or socially beneficial uses. Our proposed 
solution is based on strong cross-sectoral collaborations between key stakeholders, with 
gradual upscaling and expansion of restored kelp forest habitats. With the development 
of an economically sustainable urchin fishery, the approach moves kelp restoration from 
academia to industrial and municipal management which is a key requirement to 
upscale restoration efforts and ensure the long-term persistence of newly formed kelp 
forests through ongoing management actions. 
 
Legislation 
The various approaches to recover kelp forests are managed under several laws found 
at lovdata.no. Some methods suggested in this report are not under any laws and can 
be done by anyone, anytime and at any extent. Whereas other methods need to be 
generally approved (i.e. specific tools) and/or an application sent for each area treated 
(i.e. use of CaO). An overview of the legal framework practitioners need to follow in 
order to plan and implement restoration actions is presented.  
 
Policy recommendations 
Substantial financial resources and strong institutional support are needed to achieve 
kelp forest restoration at desired scales. Government needs to encourage restoration 
through cross-sectoral dialogue and financial incentives. Perhaps one of the best 
incentives that government can provide are tax incentives.  Charitable donations to kelp 
restoration programs should provide additional tax benefits, creating an incentive to 
donate more to this cause.  In the longer run, government should establish blue carbon 
and blue biodiversity credits, that can be used to further fund restoration.   
 
Besides the need for policymakers to enable restoration actions, they must tackle the 
underlying causes that led to the disappearance of kelp forests in the first place. An 
adequate policy framework must be in place that encourages restoration while avoiding 
perverse policies that drive degradation. The implementation of marine protected areas 
(MPAs) or no-fishing zones and quota reductions for known urchin predators are 
effective management strategies to facilitate urchin predator recovery and maintain low 
urchin abundances to sustain restoration efforts. 
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1 INTRODUCTION 
1.1 RATIONALE FOR THE STRATEGY DOCUMENT 
 
Kelp forests are highly productive underwater seascapes and are among the most 
ecologically and socioeconomically important habitats on the planet. These marine 
forests store and sequester carbon, protect coastal areas from storms and waves and 
reduce eutrophication, while supporting high biodiversity and other services. The loss 
of urchin predators led to a population explosion of the green sea urchin, 
Strongylocentrotus droebachiensis, causing the largest overgrazing events ever 
observed in the NE Atlantic along the Norwegian coastline and further into Russia 
around the early 1970s (Norderhaug et al., 2020). Highly productive kelp forests were 
transformed into desert-like urchin barrens across an estimated 8400 km2 (Gundersen 
et al., 2011) and have persisted for many decades, especially in northern parts of 
Norway. This is an area nearly the size of Rogaland county. Re-growing these extensive 
habitats is challenging but represents a unique opportunity for Norway to tackle key 
climate and environmental challenges, while creating jobs and building innovation 
capacity to support an economically sustainable urchin fishery.  
 
Urchin density control has been identified as one of the most effective management 
measures to rebuild kelp forest ecosystems today (Frigstad et al., 2021). We have the 
scientific knowledge for doing this at large scale and now need effective management 
strategies that integrate these approaches into an ecologically and economically viable 
framework. The purpose of this publication is to provide a science-based strategy for 
the restoration of kelp forests from urchin barrens in Norway, where methods and tools 
for achieving kelp restoration are identified and evaluated. The strategy provides 
information on both the legal framework as well as key concepts and practical 
approaches for implementing restoration actions.  
 

1.2 THE TARGET AUDIENCE 
 
The strategy document is designed for: 

• natural resource managers and policymakers interested in re-establishing kelp 
forests and the biodiversity and other services they support, with particular 
focus on local municipalities or relevant management authorities in parts of 
Norway that are most affected by persistent urchin barrens;  

• restoration practitioners from national and regional organisations including 
academia, industry, NGOs, and other relevant institutions, who wish to establish 
pilot and larger scale projects for their activities;  

• commercial urchin enterprises with an interest in exploiting a largely untapped 
resource of high economic potential for development and growth; and 
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• local communities at large that have a vested interest in the restoration of 
productive coastal habitats and their socioeconomic benefits. 

 

1.3 THE STRUCTURE  
 
This publication has six chapters in addition to this introduction. 

• Chapter 2 describes the roles and functions of kelp forests ecosystems. Details 
of their benefits to society, such as increased biodiversity, and carbon and 
nutrient sequestration are presented. The history of Norwegian kelp forests, 
drivers for their decline and consequences of their disappearance are described. 

• Chapter 3 provides information on the previous efforts implemented by 
scientists over the years to test effective urchin control measures to reverse kelp 
forests decline. It also provides an overview of the general strategies and 
techniques used in kelp restoration initiatives and introduces the concept of 
urchin removal to recover Norwegian kelp forests from urchin barrens.  

• Chapter 4 presents the strategies and recommendations for practitioners. Here 
a detailed description of methods that might be implemented by practitioners 
for culling and/or urchin fisheries is presented as well as an overview of the legal 
framework practitioners need to follow to plan and implement restoration 
actions.  

• Chapter 5 describes the strategies for policymakers and local authorities, that 
are the “enablers” of habitat restoration. The chapter describes the main 
constraints restoration practitioners face and presents possible actions and 
recommendations for implementing and sustaining effective restoration efforts 
with a focus on policy, planning and investment. 

• Chapter 6 presents an ideal scenario for the recovery of kelp forests from urchin 
barrens based on strong cross-sectoral collaborations between key stakeholders, 
with gradual upscaling and expansion of restored kelp forest habitats. It 
highlights the process starting with feasible solutions for urchin harvesting, 
followed by the possibilities that exist in Norway for an economically sustainable 
urchin fishery.  

• Chapter 7 emphasises the importance of implementing long-term monitoring 
when evaluating restoration success. Descriptions of the short, medium and 
long-term restoration goals and criteria to evaluate restoration success are 
presented.  

• Chapter 8 discusses the high cost of marine habitat restoration initiatives and 
provides indications of how to reduce the cost of kelp forest restoration projects 
in Norway using cost-effective techniques and developing a viable urchin fishing 
industry. This chapter also discusses investment opportunities into kelp forest 
restoration as a nature-based solution to climate change based on voluntary 
carbon credits. 
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2 KELP FORESTS 
2.1 THE ROLE AND BENEFITS OF KELP FORESTS 
 
Kelp forests are highly productive underwater seascapes dominated by large brown 
seaweeds and are among the most ecologically and socioeconomically important 
habitats on the planet. They dominate shallow rocky bottoms in temperate and polar 
oceans and are hotspots of marine biodiversity that can host more than 300 species of 
associated algae and animals. Besides the role of kelp forests as important habitats and 
natural carbon sinks (so called blue carbon), they provide a wide range of other 
ecosystem services (Figure 1) such as supporting fisheries through the provision of 
nursery and feeding grounds, providing biomass for commercial kelp harvesting, 
filtering seawater, alleviating eutrophication, and protecting coastlines from erosion 
(Gundersen et al., 2016). These coastal ecosystems also hold a significant recreational 
and cultural value to the tourism industry and local communities. Globally, kelp forests 
generate an estimated €515 billion annually in economic benefits with a per-area value 
of Laminaria forests in the North Atlantic of €16.7 million per km2 per year which is 
considered an underestimation of their true value (Eger et al., 2021). The demonstrated 
value of kelp forest goods and services constitute an important economic incentive for 
investment in kelp forest restoration on a large scale. 
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Kelp forests provide a wide range of 
valuable ecosystem services to society. 
These highly productive marine habitats 
are important carbon sinks, mitigating 
the impact of climate change and ocean 
acidification. They remove excess 
nutrients from coastal water and produce 
oxygen which helps to reduce the risk of 
eutrophic conditions and oxygen 
depletion.    

Kelps can form highly complex 
underwater habitats that support high 
levels of biodiversity, provide food, shelter 
and nursery grounds for commercial fish 
species, and are attractions for 
recreational ocean users. Kelp canopies 
can also reduce wave energy and thereby 
protect coastlines, while providing 
biomass for commercial kelp harvesting.  

 

 
 
  

Figure 1. The ecological and socioeconomic benefits of kelp forests 
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2.2 KELP FORESTS IN NORWAY AND THEIR BENEFITS TO 
SOCIETY 

 
Six main species of kelps can be found in Nordic water: Laminaria hyperborea, Laminaria 
digitata, Saccharina latissima, Alaria esculenta, Saccorhiza dermatodea and Saccorhiza 
polyschides. The extensive Norwegian coastline provides substantial areas for kelp 
forests on rocky subtidal habitats down to around 30 meters of depth within both 
exposed (mainly L. hyperborea) and sheltered (mainly S. latissima) conditions. Laminaria 
hyperborea and S. latissima (Figure 2) form dense forests along the shallow coastal zone 
in Norway and are the two most important species in terms of their spatial extent, 
habitat provision, biomass production and revenue to commercial kelp harvesting.  

 
Figure 2. Left) Laminaria hyperborea, right) Saccharina latissima 
 
Harvest of natural kelp beds 
Kelp biomass has many applications in today’s society. It can be processed for human 
consumption, feed for agriculture and aquaculture, alginate production, fertilizers, 
pharmaceuticals or even for biofuels. According to the FAO, 99% of the European 
macroalgal production was supplied by wild stocks in 2014 (FAO, 2016), with Norway 
contributing 56% of the total. In Norway, 150,000 – 200,000 tonnes of L. hyperborea is 
harvested annually from wild populations, primarily for alginate production, with a first-
hand value of € 3.0 – 3.5 million. The demand for kelp is rising and so is the pressure on 
their natural habitats. Commercial harvesting is a temporal threat to Laminaria kelp 
forests in parts of Norway, but do not require restoration actions as the kelp’s high 
recruitment secures regrowth in the trawled areas.  
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Biodiversity and capture-fisheries  
Kelp forests are one of the most productive 
ecosystems on earth supporting a myriad 
of pelagic and benthic organisms. In 
Norway, these marine forests, are 
hotspots for marine biodiversity with 
densities of more than 100,000 individuals 
of snails, crustaceans, bivalves, 
polychaetes and other invertebrates per 
square meter. Kelp forests provide habitat, 
nursery grounds and food, and are 
important habitats for both commercial 
species (e.g. cod and pollock) and red list 
species (e.g. Atlantic coastal cod) that in 
turn support other predators at higher 
trophic levels such as seals and seabirds. 
Norwegian kelp forests play a key role in 
maintaining fish stocks and sustainable 
regional fisheries and are estimated to 
support 1–2 million tons of cod. To put this 
number into perspective, landings of the 
Norwegian cod fishery varied between 2.2-
2.6 million tonnes per year over the last 
decade (Fiskeridirektoratet, 2021), 
highlighting the large contribution of kelp forests in supporting Norway’s cod fishery. 
 
Kelp forests as blue carbon sinks 
Kelps are primary producers in coastal systems that regulate the global climate by 
sequestering CO2 and depositing it at the bottom of fjords and in the deep-sea. As kelp 
forests cover large areas along the Norwegian coast, they function as crucial carbon 
sinks with great importance to the total carbon and greenhouse gas balance. The Nordic 
Blue Carbon Project (Frigstad et al., 2021) provided the most recent estimates on kelp 
forest distribution, living biomass and potential for long-term storage of kelp carbon in 
Nordic countries. The total area currently covered by dense kelp forests along the 
Norwegian coastline was estimated at around 7400 km2 (Laminaria hyperborea: 3800 
km2; Saccharina latissima: 3600 km2). Norwegian kelp forests bind an estimated 18 
million tonnes of CO2 in its standing biomass today with around 1.8 million tonnes of 
CO2 exported and stored in coastal and deep-sea sediments each year. If all the 
remaining overgrazed kelp forests (5000 km2) recovered in response to improving 
environmental conditions and restoration actions, a one-off binding of 12 million tonnes 

Illustration of a Laminaria 
hyperborea kelp plant and its 
function in the ecosystem 

      

 

 

 

 

 

 

 

 

 
   Source: Christie et al. (2014) 

 



 

 15 

RESTORING NORWAY’S UNDERWATER FORESTS 

of CO2 within living biomass would be achieved. This would also increase the annual 
deposition in coastal and deep-sea sediments to around 3 million tonnes of CO2. 
 
Nutrient cycling 
Macroalgae regulate nutrient levels in coastal waters by sequestering them for growth. 
Excess nutrients from human activities (waterborne sources and atmospheric 
deposition) can cause eutrophic conditions with detrimental effects on ecosystems as 
well as maritime industries (e.g. aquaculture) and recreational activities. Kelp forests, 
therefore, provide an important regulating service that contributes to the mitigation of 
eutrophication. The 2017 OSPAR report on the eutrophication status of maritime areas 
has shown an overall improvement of coastal waters along the Norwegian coast in 
response to great efforts to reduce nutrient inputs since the 1980s. Concerns are, 
however, being raised as to how to mitigate impacts from the steadily increasing 
aquaculture industry in Norway, and the release of nutrient rich waste from fish farms. 
Kelp forest conservation and restoration in affected areas could form an increasingly 
important solution in the future. 
 
Cultural services 
Kelp forests provide many opportunities for tourism and recreational activities. These 
complex, three-dimensional habitats are hotspots for marine biodiversity and 
attractions for many recreational ocean users through activities such as scuba diving, 
snorkelling, free diving and kayaking. The capacity of kelp forests to mitigate 
eutrophication and improve water quality and clarity is also beneficial to many other 
recreational activities such as swimming, surfing, sunbathing, boating and wildlife 
watching that are experienced more positively in clean water. Norwegian kelp forests 
support an abundance of wildlife with great value to local economies through “green 
tourism” including scuba diving, recreational fishing and bird- and whale watching. 
Coastal communities are also closely connected to the ocean through non-use values 
such as cultural heritage and identity and the aesthetic quality of kelp forest habitats. 
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2.3 THE STATUS OF NORWEGIAN KELP FORESTS AND DRIVERS 
OF DECLINE 

 
Across the world, kelp forest ecosystems are in sharp decline and 40 to 60% have already 
been lost (Wernberg et al., 2019), destroyed by pollution, overgrazing, overfishing, 
ocean heatwaves, coastal developments and other factors, giving rise to increasing 
concern about the ecological and socioeconomic consequences of their disappearance. 
In Norway, intense urchin grazing in northern parts and fouling by filamentous turf algae 
(probably due to eutrophication and changes in climatic conditions) in the south caused 
extensive losses of both L. hyperborea and S. latissima forests (Gundersen et al., 2011).  
 
The decline of kelp forests in Norway was first reported by fishermen between 1970 and 
1975 and was further documented by K. Sivertsen during the early 1980s. The loss of 
sea urchin predators, likely a consequence of overfishing, was suggested to have caused 
a population explosion of the green sea urchin (Strongylocentrotus droebachiensis) that 
overgrazed kelp forests along Norwegian and Russian coasts between 63 and 71oN 
(Norderhaug et al., 2020). These were the largest overgrazing events ever observed in 
the NE Atlantic, causing the large-scale eradication of subtidal kelps, other seaweeds, 
and most sessile organisms, leaving behind a wasteland of urchin barrens. Only a narrow 
band of Laminaria forests remained at exposed sites that were too rough for urchins to 
persist. It was estimated that a total of 8400 km2 of Laminaria and Saccharina forests 
were lost (Gundersen et al., 2011).  
 
These large-scale losses are now reversing in some regions, attributed to climate change 
and increasing crab predation. In Trøndelag county in mid Norway, kelp recovery started 
in the 1990s with a near full recovery until the present day. This was facilitated by 
increasing crab abundances that reduced the number of urchins sufficiently to allow for 
kelps to recolonise. Due to climatic changes, crab populations are gradually extending 
northwards which allowed for more than 50% kelp recovery in Nordland county 
(Norderhaug and Christie, 2009; Gundersen et al., 2021). Further north in 
Troms/Finnmark, not much recovery has happened until today and only 20% of the 
original kelp forest extent is remaining. Water temperatures in this region are too low 
for the edible crab (Cancer pagurus) to thrive, impeding the natural recovery of kelps. 
Here the recovery of wolffish populations could be an effective long-term measure to 
reduce urchin abundances (see Chapter 6).   
 
Albeit the observed recovery of around 3400 km2, large areas of these desert-like urchin 
barrens still exist today (~5000 km2) and require active intervention. In Nordland and 
Troms/Finnmark, around 7700 km and 7080 km of coastline, respectively, are still 
dominated by urchin barrens that should be targeted by future restoration initiatives.  
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Sea urchin barrens are benthic 
communities that are dominated by 
herbivorous sea urchins on rocky reefs 
devoid of seaweeds (Filbee-Dexter and 
Scheibling, 2014). 
 
Transitions between kelp beds and sea 
urchin barrens have been widely 
reported over the past 4 decades along 
temperate coastlines. These transitions 
generally occur in response to a change 
in urchin grazing intensity.  
 
Urchin barrens have much lower 
productivity and structural complexity 
compared to kelp forests and are 
considered a collapse of the kelp state. 
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2.4 THE CONSEQUENCES OF KELP FOREST LOSS IN NORWAY  
 
The large-scale eradication of kelp forests in the 1970s had profound implications for 
the health and productivity of Norway’s coastal marine systems. The loss of kelp was 
accompanied by the loss of critical ecosystem services and economic benefits that these 
habitats provide. Laminaria forests in the North Atlantic are currently valued at €16.7 
million per km2 per year based on three ecosystem services (fisheries production, 
nutrient cycling, and carbon removal) (Eger et al., 2021). Sea urchins grazed down an 
estimated 8400 km2 of kelp forests (Gundersen et al., 2011) with a combined economic 
value of €140 billion per year. Urchin barrens have persisted for decades meaning that 
the loss of economic benefits was additive over the past 50 years and continues to 
accrue in the vast expanses of remaining urchin barrens.  
 
The lost kelp forest represents an annual primary production of around 84 million 
tonnes of biomass that was no longer available for secondary producers in the coastal 
environment. The large diversity of kelp-associated algae and invertebrates constitute 
an important food source for many larger fish species living in or near kelp forests. Many 
coastal fish stocks also use these marine vegetated habitats as nursery areas, making 
their disappearance a serious issue for coastal fisheries. Kelp forests are one of Norway’s 
most important habitats and their disappearance at great spatial and temporal scales 
was one of the largest ecological catastrophes ever reported (Norderhaug and Christie, 
2009). It is considered that this large-scale deforestation event was one of several causes 
for the observed decline in coastal cod populations in the early 1980s north of 62°N 
(Norderhaug and Christie, 2009), putting them on the Norwegian ‘red list’ for vulnerable 
and endangered species. 
 
But this ecological catastrophe did not just impact coastal fisheries production. The loss 
of kelp forests also caused a release of around 20 million tonnes of CO2 back into the 
atmosphere that was previously bound in living kelp biomass and affected the annual 
long-term deposition of CO2 in deep marine sediments over many decades. Other 
services such as wild kelp harvesting in affected areas and recreational activities that are 
closely linked to kelp forest have also likely suffered under their disappearance. 
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Norway’s kelp forests in numbers  
 
Kelp forests of Laminaria hyperborea and 
Saccharina latissima cover an estimated 7400 
km2 along Norway’s coastline today (Frigstad 
et al., 2021). 
 
Around 8400 km2 of kelp forest were lost in 
the early 1970s due to a population explosion 
of the green sea urchin (Strongylocentrotus 
droebachiensis) (Gundersen et al., 2011). 
 
Due to climatic changes and increased crab 
predation, around 3400 km2 of kelp forests 
have recovered from urchin barrens until 
today in Trøndelag and parts of Nordland 
county (Gundersen et al., 2021). 
 
An area of approximately 5000 km2 along 
14780 km of coastline in Nordland and 
Troms/Finnmark, are still dominated by 
urchin barrens and can be restored back to 
productive kelp ecosystems through urchin 
removal actions. 
 

Photo credits: Norwegian Institute for Water Research (NIVA) 
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3 KELP FOREST RESTORATION  
3.1 WHAT IS KELP RESTORATION AND WHY IS IT NEEDED?  
 
The aim of kelp restoration is to facilitate the recolonisation of kelps and recover its 
biological productivity, associated biodiversity, and ecosystem services. A basic step in 
any restoration project is to identify the drivers that caused the initial decline and 
pushed the kelp ecosystem over the tipping point towards, for instance, a persistent 
urchin-dominated system. Where kelp forest degradation is not too extensive or severe, 
the removal of stressors may be sufficient to restore the ecosystem. Extensive losses of 
kelp forests on the other hand may likely require additional actions such as active 
reseeding of areas because of the low dispersal ability of many kelp species. In fact, 
many successful kelp restoration projects have combined several methods, including 
transplanting adult or juvenile kelps, seeding kelp propagules, deploying artificial reefs, 
and implementing grazer control measures. The adopted methods will depend on the 
cause of kelp decline, extent of the decline, and the availability of kelp spores in the 
area. 

 
 
Six important considerations have been highlighted for kelp restoration (Eger et al., 
2021):  

 

 

 

 

 
 

 

 

1. Identify the cause of decline 2. Set appropriate targets and goals 

3. Understand the success factors for 
kelp forest regrowth 

4. Develop and use practical 
techniques for implementing set 

goals 

5. Monitor the appropriate variables 
towards the set goals 

6. Identify and adjust methods if 
goals are not met 

Photo credits: FIRA 
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3.2 THE HISTORY OF KELP RESTORATION IN NORWAY  
 
Since the impact of intense urchin grazing on kelp forests in Norway was documented 
in the early 1980s, efforts have been underway to test and propose effective restoration 
approaches. The first restoration attempt was implemented in 1988 by scientists 
(Leinaas and Christie, 1996) to assess whether urchin removal via hammering around 
small, isolated islands before the spore releasing period in autumn/winter can trigger 
kelp recovery. During the following spring, S. latissima recolonised the area at high 
densities of several hundred individuals per square meter (>450). Later urchin exclusion 
and depletion experiments, using cages, artificial reefs, hammering, harvesting and 
quicklime, further documented the recovery potential of kelps in response to urchin 
reduction (Figure 3). The kelps S. latissima, A. esculenta, and S. dermatodea showed 
wide dispersal distances and rapid natural colonisation. 

 
Figure 3. Experimental sea urchin removal to restore kelp forests from urchin barrens, 
conducted by NIVA in 2018 (Source: Carlsson and Christie, 2019). 
 
Even though these restoration attempts allowed for initial kelp recovery, most of the 
areas experienced a reestablishment of sea urchins and destructive grazing over time, 
highlighting the need for ongoing management and additional restoration approaches 
targeting different components of the ecosystem. In Canada and Alaska for instance, the 
protection of sea otters that feed on urchins resulted in kelp reappearance and led to a 
more long-lasting reestablishment of kelp forests. This is similar to the recent 
reappearance of kelps at the coast of central Norway where increasing crab populations 
reduce urchins and maintain low abundances (Christie et al., 2019). 
 
In the southern parts of Norway where S. latissima (sugar kelp) was replaced by turf 
algae, the sugar kelp project tested different restoration methods. Approaches included 
the cleaning of turf and sediments from substrates, transplantation of adult kelps on the 
bottom or on rigs and seeding of kelp spores on tiles and gravel. All these efforts resulted 
in the later grow back of turfs, ephemeral algae and fouling organisms, and a recurrent 
disappearance of kelps.  
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Based on these previous restoration attempts, the removal of sea urchins to restore kelp 
forests in Norway presents itself as a low hanging fruit if combined with ongoing 
management and increased focus on restoring other key ecosystem components to 
ensure kelp forest persistence. In comparison, the turf situation, which is far less of a 
problem in northern Norway than in the south, requires further research and the 
formulation of adequate restoration approaches. 
 

3.3 RESTORING KELP FORESTS FROM URCHIN BARRENS  
 
Reducing the density of sea urchins enough to allow kelps and other seaweeds to 
recolonise is the most common approach for restoring kelp forests from urchin barrens. 
By reducing urchin abundances from 30+ per square meter down to less than 2 
individuals, kelps are expected to reappear naturally during the following growth 
season; initially high concentrations of juveniles, and later at densities of around 10-20 
individuals per square meter (Figure 4). Saccharina latissima has shown rapid 
recruitment and growth after the first reproductive season, at densities and biomass 
comparable to healthy kelp forests, and can be expected to dominate the kelp 
assemblage at this stage of the recovery process.  

 
Figure 4. Kelp recolonisation after urchin removal. From left to right the progress of 
experimental urchin removal, over initial kelp recruitment to a restored kelp bed is shown. Left) 
urchin barren, middle) initial kelp recruitment at high densities, right) Saccharina latissima one 
year after restoration. 
 
If the restoration site is located within a L. hyperborea dominated area, one can expect 
a transition from the initial Saccharina-dominated kelp bed within a few years 
depending on the colonisation rate and the slow growth of juvenile Laminaria under the 
Saccharina canopy. As Laminaria is taller and forms a dense canopy layer, it will 
eventually become the dominating species. At sites far from mother plants or for species 
with low dispersal distances, transplanting kelps or seeding kelp propagules can support 
and accelerate the recolonisation process (see Chapter 4.2). 
 
Through the successful expansion of kelp recovery areas over time, restoration is 
expected to contribute to a growing number of sea urchin predators and other kelp-
associated organisms, like algae, invertebrates and fish (Figure 5).  
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Figure 5 – Recovery of Laminaria hyperborea and examples of kelp-associated organisms.  A) L. 
hyperborea canopy, B) Cod aggregating over kelp forest, C) Lacuna sp. grazing on kelp blade, 
D) Edible crab (Cancer pagurus) in kelp, D) Spider crab (Hyas sp.) in kelp.   
 
The kelp forest ecosystem is not fully restored before all levels in the food chain have 
recovered, including predators that can prevent new urchin outbreaks. The main goal is 
to establish a resilient and diverse ecosystem with functional redundancy that supports 
a healthy food web with increased fish production at higher trophic levels. Populations 
of urchin predators must be well established in the mature kelp ecosystem as urchins 
have a high reproductive potential under favourable conditions which requires the role 
of predators to prevent them from reaching adult size and causing a regression back to 
the barren state.  
 

A B

C D E

Transition from kelp forests to degraded urchin-dominated barrens 

The illustration highlights the 
pathways of degradation and 
recovery between kelp and urchin-
dominated ecosystem states. 
Intense urchin grazing can drive the 
kelp ecosystems over the tipping 
point (threshold between two 
ecosystem states), transforming it 
into desert-like urchin barrens. 
Restoration methods can tip the 
balance and trigger kelp recovery 
by establishing and maintaining 
conditions favorable for kelp 
growth and persistence. 
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It is, however, not possible to actively restore all the biodiversity and functional groups 
in the ecosystem, and one must, therefore, largely rely on natural colonisation. An 
exception is the artificial enhancement of urchin predators through restocking once 
kelps have re-established in the area. Rearing wolffish in hatcheries and releasing them 
into the ocean is a possibility to increase predator abundance, while the implementation 
of marine protected areas (MPAs) or no-fishing areas over newly restored kelp beds may 
be more important for other predatory fish and crab species. 

 

4 STRATEGY FOR PRACTITIONERS 
4.1 URCHIN REMOVAL 
 
Culling 
It has been shown that natural mass mortality of sea urchins can lead to the restoration 
of kelp beds, with associated benthic cover, fish, and macroinvertebrate communities 
inside former urchin barrens (Williams et al., 2021).  Kelp restoration through sea urchin 
culling essentially mimics natural urchin mass mortality events. When culling reduces 
urchin densities to similarly low levels as natural mass mortality events, it can be a viable 
management tool to rapidly restore kelp forests at moderate spatial scales. Many small 
or medium scale attempts to restore kelps on urchin barrens have focussed on culling 
urchins through in situ destructive hammering. This is a very time consuming and costly 
restoration approach as it requires the use of SCUBA divers that need to remove almost 
all urchins along a shoreline and within the depth level occupied by both urchins and 
kelps from the littoral zone down to deeper waters.  
 
A more efficient method to kill sea urchins is to use quicklime (CaO). Quicklime is a 
strong alkali that reacts with and immediately destroys the tissue of echinoderms, such 
as starfish and sea urchins, but is considerably less harmful to other marine species (if 
any) that may be found on barren grounds. CaO can be sprayed over the surface of the 
water from a ship and particles sink down to the bottom where they react with and 
eventually kill the urchins. The advantage of this approach is that it is scalable and cost-
effective (see Chapter 8.2), without the need for SCUBA divers, making it a much more 
efficient method for upscaling urchin removal compared to previous hammering 
approaches.  
 
The use of quicklime to restore kelp forests from urchin barrens has already been tested 
in Norway with promising results for its future rollout as a standard restoration 
management procedure. Sea urchin densities were successfully reduced to levels that 
allowed for rapid kelp recovery within less than 1 year after treatment. The approach 
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was particularly effective in shallower waters but is dependent on seabed complexity 
that provides refuges for urchins. Repeated quicklime applications may be needed to 
achieve the necessary low densities. 
 
Fisheries 
Sea urchins have been harvested for many years in Norway and other countries for 
commercial purposes. As urchins are predominantly collected for direct sale, only those 
with large, high value gonads are being harvested. The best season for fishing sea 
urchins in Norway is from October to February when gonads are large and yield high 
market prices. This is, however, a period of low sea water temperatures, frequent 
storms and limited daylight hours, making urchin harvesting difficult, regardless of the 
collection method.  
 
Sea urchins from urchin barrens are not targeted by commercial enterprises that base 
their operations on live capture and immediate sale as urchins starve after destroying 
the kelp forest and become virtually empty and of low commercial value. When 
considering live capture and subsequent holding and fattening, these urchin populations 
represent an immense, largely untapped resource to develop a viable urchin ranching 
industry. Urchin ranching is based on live capture and subsequent transfer to land-based 
aquaculture facilities where they are fed with formulated feed for 6 to 12 weeks, 
transforming them into an economically valuable seafood product (Figure 6). Harvesting 
urchin barrens for ranching increases the fishing season as fishers do not need to wait 
for optimal periods when gonads are large. This provides a market-based solution for 
restoring kelp forest ecosystems with their substantial socioeconomic benefits. 
Restoring nature with this approach proves that business can be a positive driver of 
change and should form an integral part of how we use and manage our natural 
resources.  
 
It is estimated, from personal observations, that 60-80% of the biomass in urchin 
barrens are too small for enhancement (personal communication with Philip James, 
Nofima). The smaller sea urchins can either be killed and disposed or, based on its 
chemical content, potentially utilised for multiple products, such as fertilizers, 
hydrolysates for food flavour enhancement, and extraction of catalase enzymes from 
the gut for use in the macroalgae industry.  
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Figure 6. The urchin ranching process to transform low value urchins into an economically 
valuable seafood product.  
 
Collection methods 
To establish a viable urchin fishery for live capture and ranching, cost efficient and 
reliable harvesting techniques are needed. Several methods like hand-picking by SCUBA 
divers and dredging have been tested for their efficiency in collecting urchins but all face 
a number of challenges due to high associated costs and adverse sea conditions of the 
Norwegian coast. These methods are also unlikely to reduce urchin densities to 
sufficiently low levels as some individuals hide in cryptic places that are out of reach 
(among stones, in crevices) and some are strongly attached to the bedrock via their 
tube-feet making dislodgement a challenging task.  
 
Passive methods such as baited traps, make use of the green sea urchin’s aggregating 
behaviour and have the advantage of collecting otherwise inaccessible individuals. Traps 
can be deployed repeatedly over longer periods of time without high logistical 
requirements, are suitable for relatively inexperienced fishermen, require relatively 
small upfront financial investment and can be used by operators in remote peripheral 
areas.  
 
A simple trap design, developed and tested by Nofima in Norway, demonstrated a high 
efficiency and cost-effectiveness in collecting sea urchins. The round collapsible trap 
(Figure 7) is baited with drift algae to trigger urchin aggregations. The highest catch rates 
of around 165 urchins/trap (4.8 – 8 kg) were achieved after a setting time of 5 to 7 days 
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at sea during previous trials which can be increased by upscaling the size of the traps. 
During retrieval the traps fold in half to retain the urchins for transport until landing and 
further processing. Traps can be produced with low-cost materials and do not require 
any technical equipment.  

 
Figure 7: The round collapsible trap developed by Nofima in Norway containing algae bait. 
(Source: James and Siikavuopio 2014; James et al., 2016). 
 
 

4.2 SUPPLEMENTING KELP PROPAGULES TO ENHANCE KELP 
RECOVERY  

 
As different species of kelps have varying dispersal distances, it is important to consider 
the kelp’s reproductive biology and how restoration actions can lead to their re-
establishment. In several urchin removal experiments conducted in Norway, S. 
latissima, and to some extent Alaria, have shown rapid recruitment after the first 
reproductive season, covering large areas at densities and biomass comparable to 
healthy kelp forests even if mother plants were not observed in the immediate vicinity. 
It was shown that seaweed spores are present in the water column and attach to any 
clear surface even without any extensive nearby natural population. Spore settlement 
may, however, vary between species, based on the availability of naturally occurring 
reproductive sporophytes and dispersal ability both in distance and volume. It appears 
that L. hyperborea may have a somewhat lower ability for natural recolonisation in some 
areas. For kelp species with limited spore dispersal distance, recovery can be enhanced 

Kelp blade containing reproductive tissue (sori) 

Kelps usually form sori (dark patches on blade) on 
their vegetative blades or sporophylls, and 
occasionally on their stipes. Laminaria hyperborea 
sori are located on the blades and can liberate 
upward of 1 million spores during the reproductive 
season. It was shown that L. hyerborea spores can 
be dispersed around 200 meters away from the 
mother plant depending on local hydrodynamic 
conditions (Fredriksen et al., 1995) 

 

Photo credits: Justin Tierney 
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by transplanting wild adult/juvenile individuals, deploying fertile tissue (spore bags) for 
spore release, or transplanting juveniles that were reared ex situ in cultivation facilities. 
These methods of active kelp recovery have been tested and approved in a Norwegian 
context.  
 

Transplanting wild adult/juvenile kelps 
Adult or juvenile kelps can be extracted from wild 
populations and transferred to the restoration site 
where they are fixed to the seabed using various 
attachment methods. When mature, these 
individuals can provide spores for a new generation. 
This method can be implemented on smaller spatial 
scales but has only limited scalability potential due 

to the need for divers and the time and costs required to fix the individuals to the 
seafloor. 
 

Spore bags introduce reproductive material (blades 
with sori) into the environment to allow for the 
natural release of kelp spores that can settle onto 
available rocky substrate. Spore bags consist of 
mesh bags filled with mature blades and can either 
be placed on the substrate or suspended in the 
water column. The parent material can be collected 
from wild populations during their reproductive 

period. When the spores are released from the kelp blades, they spread over the 
benthos and attach to the bedrock where they continue to develop until they reach 
reproductive maturity and themselves provide new spores to the environment.  
 

Cultivated kelps – e.g. Green gravel 
A newly developed approach, termed “green gravel” 
(Fredriksen et al., 2020) works by inoculating small 
stones with a spore culture, growing them to a 
young life stage in the lab and then dispersing them 
into the environment. Dispersal can be done by 
dropping them off the side of the boat, eliminating 
the need for scuba divers, while increasing scalability 

and reducing associated costs. The kelps develop throughout the growing season and 
the holdfast overgrows the gravel and attaches to the underlying bedrock. Ultimately, 
these kelps will spawn within the new habitat once reaching reproductive maturity.  

 

Photo credits: FIRA 
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Kelp farms can provide a synergetic effect with 
other kelp restoration actions. The interest in 
farming macroalgae or kelp is gaining interest in 
Norway and the surface allocated to seaweed 
cultivation has more than tripled between 2014 and 
2016, mainly focusing on S. latissima (Stévant et al. 
2017). When cultivating kelp, you add a temporary 
kelp monoculture that serves as a habitat for a range 

of other species that can move to nearby areas (Hancke et al. 2021). A kelp farm in this 
sense may therefore speed up the process of increased biodiversity, including the 
advantage of predator species feeding on urchin larvae. An estimated 10-20% of the 
total biomass on kelp farms is from unintended growth and natural attachment of kelps 
on permanent structures such as buoys and longlines 2 . These individuals are not 
harvested before reaching their fertile stage and could serve as a source of kelp 
propagules to seed nearby areas. 
 

4.3 LEGAL FRAMEWORK FOR IMPLEMENTING RESTORATION 
ACTIONS 

 
Sea urchin removal 
Today there are no specific laws directly regulating the harvest of sea urchins in Norway 
as seen in other countries such as Canada. This enables harvesting of sea urchins year-
round and by anyone, without catch limitations, which opens up many possibilities for 
collaborations with local fishermen, dive clubs and the general public through citizen 
science. There are, however, restrictions on harvesting methods (such as vacuum 
suction or traps) that may pose bycatch issues along with other challenges and need to 
be approved by the Directorate of Fisheries. Pursuant to § 66 of the Marine Resources 
Act, the Directorate may dispense with the rules if this is necessary to be able to carry 
out practical tool experiments and marine research. The use of quicklime for culling 
urchins can also affect other organisms and requires approval by the Norwegian 
Environment Agency. It has earlier been given approval on the legal basis of The 
Pollution Control Act 'forurensingsloven' § 11 and § 16.  
 
Further treatment of collected sea urchins 
The Norwegian Food Safety Authority states that sea urchins are not covered by the 
Animal Welfare Act, see § 2: Animal Welfare Act – Lovdata. This is because science does 
not consider sea urchins to be "sentient", i.e. they cannot experience stress or strain. 
There are, therefore, no laws on killing or breeding sea urchins from the point of view 

 
2 Personal communication with F. Neumann from Seaweed Solutions (SES) 

Photo credits: SES 
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of animal welfare. The use of wild-caught sea urchins in aquaculture is subject to a 
permit under the Aquaculture Act. Depending on where this is to happen, you may face 
challenges with the species not being considered native. 
 
Transplanting/seeding kelps 
The recolonisation process of kelps may be supported in several ways (i.e. transplanting 
adults/juveniles, seeding kelp propagules, etc. – see Chapter 5.2).  There are two laws 
of particular relevance: The Biodiversity act 'naturmangfoldloven' § 30c, and The Marine 
Resources act 'havressursloven' § 19a, along with regulations on alien organisms ' 
foreskrift om fremmede organismer' § 10. Most relevant for adopting kelp 
planting/seeding techniques is that the kelp source must not be from a "genetically 
different population". The Biodiversity Act allows for the use of kelp propagules from 
native species without specific permission by the Ministry. The Marine Resources Act, 
however, requires an application to be made before any kelps are moved and/or 
seeded. Restoration activities involving outplanting of kelps or kelp sporelings will, 
therefore, likely be regulated/permitted similarly to kelp aquaculture operations and 
will be restricted to native organisms as per the Biodiversity Act § 3e. An important part 
of such an application will be information about the genetics of the organism that are 
to be outplanted.  
 
Summary table of processes and methods for sea urchin removal and kelp recovery with 
associated relevant legislation. 

Process Method Legislation 

Urchin removal  General 
collection/removal 

No laws for this. The Marine resource act 
'havresursloven' §7 * 

Hand gathering by 
diving 

No laws for this. Commercial diving in 
Norway is regulated by “Arbeidsmiljøloven” - 
The Working Environment Act. 

Harvesting using 
vacuum suction  

Tools need to be approved 

Harvesting using traps Tools need to be approved 

Quicklime Permit needed. The Pollution Control Act 
'forurensingsloven' §11 and §16* 

Urchin 
use/disposal 

Disposal of non-viable 
animals 

No laws for this. Animal Welfare Act 'Lov om 
dyrevelferd' §2* 

Transfer of viable 
animals to aquaculture 
 

Permit needed under the Aquaculture Act 
'Akvakulturloven' 

Other uses:  No specific laws as processes generally need 
to be developed. 
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Feed production, 
pharmaceuticals, 
fertilizers etc.  

Kelp 
recruitment/ 
re-establishment 

Transplanting/seeding 
of kelps 

Permit needed. Biodiversity act 
'naturmangfoldloven' §30c, The Marine 
Resources act 'havressursloven' §19a, and 
regulations on alien organisms 'foreskrift om 
fremmede organismer' §10 

Artificial reefs Permit needed. The Pollution Control 
Regulations 'forurensningsforskriften' ch. 22: 
Dredging and dumping in sea and 
watercourses 

The use of native 
species of local genetic 
origin 

Regulations on alien organisms 'foreskrift 
om fremmede organismer' §10 

*See Lovdata.no 
 
 

5 STRATEGY FOR POLICYMAKERS/LOCAL 
AUTHORITIES 

5.1 FINANCIAL AND INSTITUTIONAL SUPPORT  
 
The lessons learned from four of the world’s largest kelp restoration projects (Eger et  
al., 2020) have highlighted the need for substantial financial resources and strong 
institutional support to achieve kelp forest restoration at desired scales. Marine 
ecosystem restoration is cost and labour intensive with complex subtidal restoration 
actions estimated to cost thousands to millions of euros per hectare (Bayraktarov et al., 
2016). Failing to engage with local stakeholders who interact with the ecosystem can 
also cause social opposition and may negatively influence restoration success. Support 
from both trusted institutions (e.g. local management authorities, NGOs, private 
industry and community groups) and government can help to overcome social as well 
as economic barriers. Trusted institutions have considerable social influence and can 
create strong local buy-in and social license from local communities, while government 
institutions can provide the needed funding and have the legal authority to mandate 
restoration.  
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A multi-sectoral approach to restoration 
between science, industry and government 
authorities, supported by local communities, 
can help to reduce individual costs per group 
and combines the necessary know-how and 
practical experience from different areas of 
expertise.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
The financing of future kelp restoration projects in Norway should and will most likely 
come from a mix of for-profit (e.g. industry) and non-profit (e.g. governments, 
universities, NGOs) initiatives. As the project develops, the balance between the 
involved partners may change. Initially, the project may need more financing and 
resources from non-profit institutions. As the potential for financial returns increases, 

Local government authorities often have decades of experience necessary to fit 
restoration into local management priorities, financing, and governance systems, 
and should be leading the overall coordination of restoration actions within their 
municipal jurisdiction. These institutions can also provide legitimacy to the project, 
provide legal backing and long-term funding. 

Scientific institutions, such as NIVA and Nofima, collectively have local expertise on 
kelp forest restoration, fisheries and aquaculture. These institutions can ensure that 
restoration actions are implemented based on a sound understanding of the 
underlying ecological processes and will be key in assessing restoration success 
through ongoing scientific monitoring. 

Industry (fisheries, commercial urchin enterprises) can adopt the tested 
approaches and ensure long-term impact. Fishing communities and commercial 
urchin enterprises form the very basis of the restoration efforts by providing 
practical knowledge, skills and infrastructure for the on-ground operations. 
Fishermen will benefit from additional income and new employment opportunities 
may arise through the expansion of the local fishing sector.   

The general public can actively support restoration efforts through citizen science 
initiatives. Citizen science actions can be highly effective to support marine 
restoration endeavours and require significantly less financial investment. Small 
scale sea urchin removal can be performed by anyone, provided some basic 
training, and is disproportionately more effective than anything community groups 
could realise on land. Additionally, it creates public awareness, and the attention 
may create a ripple effect politically.      

Industry

Science
Local 

Government 
Authority

Local Communities
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the for-profit industry may be more involved. There are also mechanisms that can be 
used to increase the attractiveness for for-profit funding like payments for ecosystem 
services, blue bonds, and carbon credits (see Chapter 8.3).  
 

5.2 INDUSTRY DEVELOPMENT 
 
The harvesting of the green sea urchin (Strongylocentrotus droebachiensis) is an 
emerging fishery within Northern Norway and the high global demand for urchins and 
shortage of supply provides an opportunity to develop a profitable urchin industry 
(Wallhead et al., 2018). Several challenges do, however, exist that need to be addressed 
to provide the enabling conditions for the expansion of the industry.   
 
One of the main constrains for a sea urchin industry in Norway is the lack of a domestic 
market for sea urchin roe (James et al., 2016). The roe produced must be exported 
overseas, adding extra costs to the product as well as the need for knowledge and 
logistics. The worldwide supply of sea urchins peaked in 1995 with 109,736 tonnes of 
wild caught sea urchins and showed reduced landings of 75,000 tonnes in 2019. The sea 
urchin supply from aquaculture has steadily increased since the 2000s with a peak in 
2016 of 10,000 tonnes of urchins with a value of €8.25 million (10.1 million USD; FAO, 
2019), accounting for 10% of the total global supply. Several types of sea urchins are 
harvested for their roe worldwide. The green sea urchin, S. droebachiensis, in Northern 
Norway is one of the species in good demand (Stefánsson et al., 2017). The present 
global market is mainly focussed on traditional markets, with Japan consuming 80-90% 
of the total global supply (Stefánsson et al., 2017). The Japanese market may have an 
unmet demand for more supply of high-quality sea urchin products, which may be met 
by suppliers from northern areas, such as Northern Norway (Stefánsson et al., 2017). 
For this to be realized a logistic route from harvest to market must be established to 
provide consistent quality products. The local Norwegian market is per today immature, 
with potential for development. There is, however, a potential in Europe. The European 
market, like the Asian market, had a traditional focus, mainly in Mediterranean 
countries, but as sea urchins are increasingly being perceived as 'novel and trendy', new 
consumer groups may arise. Additionally, a growing ethnic Asian population in Europe 
creates small niche markets (Stefánsson et al., 2017). 
 
Another constraint is the capacity of the Norwegian aquaculture industry to receive 
large amounts of sea urchins, emphasising the need for more sea urchin enhancing 
facilities. More facilities would also offer possibilities for local sea urchin delivery instead 
of costly and more time demanding shipment to facilities far away. Various levels of 
government should facilitate the re-permitting of closed down and/or existing fish 
processing and fish landing facilities into land-based aquaculture sites which would 
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present an effective approach to increase the capacity of the industry. There is a lot of 
excess capacity in existing infrastructure from the capture fisheries that could be re-
purposed for large-scale urchin ranching throughout Northern Norway.   
 
As this industry establishes it can better contribute to offsetting/reducing the costs of 
removing urchins. Before this happens, government or municipalities may need to 
contribute financially and act as a facilitator for collection and disposal. 
 

5.3 ADDRESSING DRIVERS OF KELP FOREST DEGRADATION  
 
Besides the need for policymakers to enable restoration actions, they must tackle the 
underlying causes that led to the disappearance of kelp forests in the first place. An 
adequate policy framework must be in place that encourages restoration while avoiding 
perverse policies that drive degradation. The overfishing of urchin predators, such as 
wolffish, is considered a likely driver for the population explosion of the green sea urchin 
and the subsequent overgrazing of kelps along the Norwegian coastline. The 
implementation of MPAs or no-fishing zones across parts of the restored kelp forests, 
as well as quota reductions for known urchin predators, like wolffish and crabs, could 
form effective management strategies to facilitate predator recovery and maintain low 
urchin abundances to sustain restoration efforts. As ongoing urchin harvest is required, 
at least in the medium term, these areas should remain open for urchin fisheries. In 
regions of Alaska, British Columbia and New Zealand, for instance, the establishment of 
strict harvest limits on urchin predators and the creation of MPAs have been successful 
in increasing predator densities. 
 
In 2019, Norway had six MPAs covering a total of 242 km2, in addition to other 
protection areas that encompass both land and sea. Although Norway agreed to the 
protection of 10% of coastal and marine areas before 2020 to live up to the sustainability 
goals of the UN, less than 5% are currently (2019) protected. Furthermore, despite being 
registered internationally under strict protection (International Union for Conservation 
of Nature – IUCN), Norway allows commercial fishing activities, aquaculture and other 
industrial activities in all MPAs, which is not in accordance with the IUCN guidelines 
(Jørgensen et al., 2021). There is urgent need to adapt policies and management to 
enforce adequate levels of protection that are effective in safeguarding key features of 
ecological and socioeconomic importance (i.e. kelps and urchin predators).  
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6 AN IDEAL SCENARIO FOR THE 
RECOVERY OF KELP FORESTS FROM 
URCHIN BARRENS 

 
The most feasible solution to recover kelp forests from urchin barrens is a stepwise 
approach using efficient harvesting methods for subsequent commercial roe 
enhancement as well as other commercially or socially beneficial uses. Our proposed 
solution is based on strong cross-sectoral collaborations between local fishing 
communities, commercial sea urchin enterprises, scientific institutions, local 
government authorities, NGOs, NPOs and the general public (through citizen science), 
with gradual upscaling and expansion of restored kelp forest habitats (see infographic 
below). With the development of an economically sustainable urchin fishery, the 
approach moves kelp restoration from academia to industrial and municipal 
management which is a key requirement to upscale restoration efforts and ensure the 
long-term persistence of newly formed kelp forests through ongoing management 
actions. 
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Urchin removal to allow for kelp recolonisation 
Initially, intensive harvesting (traps or mechanical) or quickliming should be performed 
on limited plots during autumn to clear bottom areas (   Infographic) for kelp spore 
settlement and growth during the following winter and spring (   Infographic). In a 
scenario where an urchin ranching industry exists, methods of harvesting and 
exploitation of this resource should be prioritised over culling as it represents a win-win 
situation for ecological restoration and economic development. The proportion of 
urchins that are too small (<40 mm Ø) to be viable for urchin ranching could be further 
utilised for other products such as natural fertilizer. Without an urchin ranching industry, 
quickliming can be used as an initial urchin control measure to allow kelps to recolonise 
the area. A combination of different techniques will likely be required to achieve 
adequate urchin reductions. 
 
Philanthropic, non-profit and citizen science initiatives (     Infographic) can also support 
the kelp recovery process by removing sea urchins via scuba diving or hand-gathering at 
low tide levels along the shoreline. This can be combined with knowledge transfer and 
public enlightenment about the sea urchin problem, as well as the importance of healthy 
kelp forests and their ecosystem services to coastal communities. In Norway, the 
student group Tarevoktere, for instance, led by the student’s underwater club in Tromsø 
and volunteer scientists from NIVA, was established in 2019 to organise and conduct 
urchin clearing events to recover kelp forests. They are mainly operating in waters 
around Kvaløya in Sandessundet but with expansion to other universities and schools, 
their activities can be scaled up to increase impact and support. 

 
Tarevoktere community group urchin removal activities. 
 
Ongoing management and expansion of recovery plots 
Green sea urchins have shown to aggregate at grazing fronts, a behaviour that can be 
exploited to harvest urchins in the transition areas from kelp to barren grounds to 
reduce further intrusions of urchins into the recovery plots (     Infographic). Additional 
urchin removal within the developing kelp beds may also be needed to maintain low 
urchin abundance to avoid a reestablishment of the barren state. There is now also an 
increased financial incentive to harvest these urchins as those feeding on macroalgae 
on the fringes and within the recovery plot will increase their gonad weight and 
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consequently their farming and market 
values. The recovery plots will gradually 
be extended through this process while 
the sea urchin harvest will be sustainable. 
This was the case in Maine, in the US, 
where commercial harvesting became 
viable and urchins were reduced to levels 
that resulted in the re-establishment of 
kelp forests. This will be a win-win 
situation creating an ongoing sea urchin 
industry in combination with an 
expansion of kelp forest habitats and 
their associated ecosystem services.  
 
Continuous monitoring (    Infographic) 
will provide indications on where ongoing 
management actions are needed to 
maintain low urchin densities and 
determine restoration success (see 
Chapter 7). Conventional monitoring 
approaches, using SCUBA divers, face a 
number of challenges that make the 
process expensive, time-consuming and 
not applicable to large-scale assessments. 
We therefore promote the use of novel marine technology solutions (e.g. diver operated 
tech or ROVs), that can reduce monitoring costs and the need for highly specialised 
personnel (see Appendix). 
 
Recovery of ecosystem functions and resilience 
The goal is to create the conditions for self-sustaining kelp ecosystems with all their 
biodiversity, ecosystem services and functional groups, including predators that control 
urchin populations and keep them at sustainable levels (    Infographic). The artificial 
enhancement of urchin predators, such as wolffish, through ex situ rearing and 
restocking could be considered to support the recovery process. Artificial predator 
enhancement, quota reductions for known predatory species and the implementation 
of MPAs or no-fishing areas over parts of the recovered kelp forests could form a 
medium to long-term strategy to increase ecosystem resilience. As the barren grounds 
are widely distributed, an ongoing sea urchin industry would not be without resources 
for decades.  

Transition area between restored 
kelp forests and urchin barrens 

Sea urchins tend to aggregate at 
grazing fronts in transition areas 
between restored kelp beds and 
urchin barrens. Urchins feeding on 
newly formed kelps and other 
macroalgae increase their gonad size 
and consequently their farming and 
market value. Through ongoing 
harvesting within transition areas, 
kelp recovery plots are gradually 
increased. 
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7 MONITORING RESTORATION SUCCESS 
  
Effective long-term monitoring is an essential element in evaluating restoration success. 
By measuring progress over time, the response of several key ecological and 
socioeconomic parameters in response to management actions can be assessed and 
evaluated against assigned project goals. Long-term restoration goals define the desired 
condition of the ecosystem often many decades into the future. They describe the final 
outcome of a restoration endeavour, while short and medium-term targets identify the 
needed steps towards this final goal. Long-term goals are generally set in regard to 
healthy reference systems that represent an achievable ecosystem state, considering 
current environmental conditions. The recovery process of kelp forests from urchin 
barrens has been scientifically documented only over short durations but provides the 
needed parameters and benchmarks to assess short and medium-term success.  
 
Short-term 
Initial measures aim to reduce urchin densities to levels that allow kelps to recolonise 
the area. Monitoring needs to assess this transition using urchin and kelp densities as 
the key ecological parameters.  
 
Medium-term 
Ongoing monitoring needs to measure the progression of kelp densities and biomass, as 
well as the demographic structure of the forest to evaluate whether the development 
process follows expected trajectories. In L. hyperborea dominated areas, the transition 
from Saccharina to this taller and more long-lived kelp species must be assessed. At this 
stage of the recovery process, the reappearance and growing number of sea urchin 
predators and other kelp associated organisms also need to be monitored. 
 
Long-term 
It is expected that the natural ecosystem structure and functions will re-establish in the 
long-term, together with a full recovery of kelp-associated species and urchin predators. 
Kelp forest density, biomass and demographic structure must now be comparable to 
healthy reference populations.  
 
A shift from a sea urchin desert to a contrasting highly productive kelp forest ecosystem 
will reinforce the ecosystem services provided to the environment and society. 
Consequently, management authorities or other relevant institutions can make use of 
ecosystem services-based indicators and economic parameters to evaluate long term 
success, such as: 
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Increased fish catch – The three-dimensional 
structure and high production of kelps provide the 
perfect conditions to harbour, protect and feed other 
marine species with high commercial value. The 
presence of a healthy forest will allow species (e.g. 
Atlantic cod) to aggregate and thrive in these areas, 
benefiting commercial fisheries. As kelp particles are 
transported to adjacent parts of the coast, kelp 
production also contributes to enhancing fish and 
shellfish production in deeper waters. 

Improved water quality – The increase of water 
quality is also expected in the presence of a healthy 
forest once kelps take up CO2 and nutrients (nitrogen 
and phosphorus) from the water during 
photosynthesis. An increase in water clarity and a 
decrease in ocean acidification and eutrophication (if 
existing), will be measurable indicators of a healthy 
marine forest.  
 
Increased revenue for recreational sector – The 
growth of recreational activities with high 
socioeconomic significance, empowered by healthy 
kelp forests, can have a very positive impact in local 
economies. Kelp forests are often viewed as pristine 
habitats that are utilised by local communities and the 
tourism industry for scuba diving, free diving, wildlife 
watching, snorkelling, spear fishing and the like.  
 



 
 
 

 40 

RESTORING NORWAY’S UNDERWATER FORESTS 

8 MAKING THE CASE FOR KELP FOREST 
RESTORATION IN NORWAY 

8.1 THE COSTS AND BENEFITS OF KELP RESTORATION  
 
Substantial financial resources are needed to implement large-scale marine restoration 
activities. Kelp forest restoration is no exception as management actions, such as sea 
urchin removal, reef building, kelp cultivation and outplanting are both time and 
resource intensive.  
 
Restoration programmes have often been regarded as an expense with few perceived 
financial and economic benefits as a consequence of ecosystem recovery. Ecosystem 
accounting and valuation studies have provided information on the socioeconomic 
importance of ecosystem services which has helped to provide economic incentives to 
invest in restoration efforts as financial returns are becoming more tangible. This has 
resulted in significant international commitments to large-scale restoration as it is 
increasingly seen as a worthwhile investment to protect the natural environment, while 
obtaining multiple benefits and supporting national and international policy goals.  
 
Considering the potential for restoring around 5000 km2 of urchin barrens in Norway 
and that Laminaria kelp forests of the North Atlantic are currently valued at €16.7 
million per km2 per year, the economic benefits generated from kelp restoration could 
yield around €83.6 billion annually. It should also be noted that these estimates are 
largely based on only three types of services (fisheries production, nutrient cycling, and 
carbon removal), meaning that the real value of these habitats is likely to be higher.  
 
Depending on your methodology, restoration costs can vary between thousands to 
millions of euros per km2. Hence, choosing the right techniques, in terms of cost-
efficiency, is essential so that the gain in economic benefits from kelp restoration 
outweighs the cost of implementing actions.  
 
Even though the full recovery of economic benefits can take several years, and the 
capital and operating costs of restoration can be high, the immense value these coastal 
ecosystems can provide makes kelp restoration attractive for funding and investment, 
from both the public and private sector.  
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8.2 TECHNIQUES AND CONCEPTUAL APPROACHES TO REDUCE 
RESTORATION COSTS 

 
The techniques and conceptual and technological approaches that are most cost-
effective, in terms of ecological efficiency and return on financial investment, need to 
be identified to help drive down the costs of restoration and provide the best possible 
cost-benefit ratio.  
 
Urchin culling using quicklime: Previous restoration attempts in Norway have 
demonstrated the higher cost-effectiveness of the quickliming method to kill urchins 
compared to hammering by SCUBA divers. The estimated cost of applying quicklime 
(incl. production, packing, transport, boat and spraying equipment) is €1/kg that can 
cover an area of approximately 3 m2. In a large-scale quickliming experiment in Norway, 
about 500,000 m2 of urchin barren were treated in only seven days, using 200 tonnes of 
quicklime. In contrast, a total of 12 diving days was necessary to remove 120,000 urchins 
from an area of only 7000 m2 by means of hammering with an implementation cost of 
around €40,0003. Comparing these approaches at the same scale, quickliming at around 
€333,300 per km2 is about 17 times cheaper than previous hammering approaches (€5.7 
million per km2) and should be adopted as the main restoration technique in the 
absence of an urchin ranching industry. 
 
Marine technology solutions for harvesting sea urchins have the potential to reduce 
running costs and may outperform conventional harvesting techniques due to an 
increased catch efficiency. Such technology driven harvesting solutions have been 
developed by C-Robotics, a Norwegian start-up company based in Kristiansund (see 
Appendix for more detail).  
 
Novel monitoring technologies: Visualizing the seafloor is critical to document 
restoration success and habitat integrity, yet it presents a number of challenges that 
makes the entire process expensive, time-consuming, tedious and not applicable to 
large-scale monitoring. The use of novel marine technology solutions provides an 
avenue to streamline the monitoring process, while reducing costs and often the need 
for highly specialised scientific personnel (see Appendix for examples).  
 
Economic exploitation of urchin barrens: If an urchin ranching industry exists that can 
make a profit from converting low value urchins into an economically valuable seafood 
product (Figure 8), a large part of the initial intensive urchin removal costs is carried by 
the industry. This is an ideal scenario in which the private sector takes the lead and 

 
3 Assumed conversion rate: 10 NOK = 1 € 
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transforms an ecological problem into a sustainable economic venture that can attract 
additional investment and support local fishing communities. Fishermen are paid at a 
rate of ~€3.3/kg of viable urchins for ranching. Considering that fishermen can catch 
around 1 tonne of urchins per fishing day using ~150 of the collapsible round traps 
developed by Nofima, and that 20% of the catch is viable for ranching (i.e. > 40 mm Ø), 
fishermen can yield a daily revenue of approximately €660. There are also potential 
applications for the urchins that are of insufficient size for ranching, such as the 
production of urchin shell fertilizer. With the development of a manufacturing process, 
the revenue to fishermen can be further increased by paying an estimated €0.1/kg of 
small urchins.  
 
Potential revenue per fishing day: 
200 kg of viable urchins @ €3.3/kg = €660  
800 kg of small urchins @ €0.1/kg = €80  
Total revenue = 740 € 
 

 
Figure 8: An economically sustainable business model for sea urchin ranching through the 
exploitation of urchin barrens. The numbers were estimated by the current study based on cost 
indications from an existing urchin ranching operator (Urchinomics). 
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8.3 INVESTING INTO KELP FOREST RESTORATION AS A NATURE-
BASED SOLUTION TO CLIMATE CHANGE 

 
Kelp forest restoration provides many public and private sector investment 
opportunities as these ecosystems can function as nature-based solutions to meet three 
central challenges of today’s society: mitigating and adapting to climate change, 
protecting biodiversity and ensuring 
human wellbeing. One such 
investment opportunity are carbon 
credits through voluntary carbon 
markets. Companies worldwide are 
increasingly pledging to help stop 
climate change by reducing their 
greenhouse gas emissions but for 
many it will be necessary to use 
carbon credits to offset emissions 
that cannot be reduced through 
other means of decarbonising their 
operations.  

 
Market rates for carbon credits today are around €59/t of CO2 in Norway and are, 
according to the Solberg government, expected to increase up to €200/t by 2030. What 
is needed is the creation of voluntary carbon credits, validated by scientific institutions 
such as NIVA. Through collaborative urchin harvesting and ranching activities, with key 
players from science, industry and management authorities, urchin barrens can be 
restored back to kelp forests. Scientific monitoring can assess the total CO2 bound and 
sequestered that will form the basis for the carbon credit calculations. Kelp forest 
restoration achieves a one-off binding of CO2 in its living biomass through primary 
production with an average of 2459 g of CO2 per square meter typically stored in a 
Norwegian kelp forest (Frigstad et al., 2021). Around 10% of the annual production is 
exported and stored long-term in coastal and deep-sea sediments. As the latter 
sequestration potential is challenging to assess accurately, carbon credits will most likely 
be calculated based solely on the amount of CO2 sequestered in living biomass until 
more adequate assessment methodologies become available.  
 
Based on today’s market rates for carbon credits (€59/t CO2) and an average 
sequestration potential of 2459 g of CO2 per square meter in Norwegian kelp forests, 
restoring 1 km2 would yield around €145,080. Considering the expected increase of 
market rates (€200/t CO2 by 2030), this amount would increase to a total of around 
€491,780. Carbon prices of this magnitude could eventually cover and even surpass 

CO2 sequestration Greenhouse gas emissions

Carbon credits

Kelp forest restoration Voluntary payments to 
offset emissions
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some of the operational expenses of restoration actions such as applying quicklime over 
1 km2 of degraded reef (i.e. €333,300). Companies that want to reduce their carbon 
footprint through carbon credits would pay to the consortium of partners involved in 
the restoration activities who can then reinvested it into further restoration actions.  
 
Such voluntary carbon credit deals are already being implemented. ENEOS is Japan’s 
largest energy company with 2020 revenues of around 70 billion USD. ENEOS’ mission 
is to be carbon neutral by 2040 through decarbonising their operations and contributing 
to the realisation of a low carbon society. ENEOS is an investor in the urchin ranching 
company Urchinomics, and as part of their investment, ENEOS has committed to 
implementing research to drive towards a globally recognised, third part certified, blue 
carbon credit market. In addition, ENEOS plans to purchase blue carbon credits 
generated by Urchinomics’ operations at market rates.  
 
 

FINAL REMARKS 
 
The restoration of kelp forests from urchin barrens presents a great opportunity to 
improve the health and productivity of Norway’s coastal marine system while 
developing a sustainable sea urchin industry. Kelp forests currently cover an estimated 
7400 km2 with economic benefits of ~€124 billion per year – a value that can be 
increased by around €83.6 billion by transforming the remaining urchin barrens into 
productive kelp forest ecosystems. 
 
We have the scientific knowledge to implement effective restoration actions to recover 
kelp forests along Norway’s coastline. Now is the time to act and restore these marine 
forests at the needed scale to offset historic losses and ensure ecosystem resilience 
through effective medium and long-term management approaches. 
 
Our proposed multi-sectoral approach to restoration creates a unique environment in 
which multiple solutions from different stakeholders are combined to achieve optimal 
restoration outcomes. This provides ideal conditions for industrial development of 
urchin harvesting and processing techniques, as well as novel marine technology 
solutions that hold great potential for future applications. 
 
But without public support, restoration initiatives are likely to suffer. There is still little 
public awareness of the ecological and socioeconomic importance of kelp forests, 
making outreach and citizen science activities highly relevant to increase people’s 
connection with the natural environment and create strong local buy-in and social 
license from local communities. 
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As kelp forests are a publicly shared resource, it is the responsibility of the state and 
local government authorities to fund, encourage and conduct restoration to ensure the 
increased and continued provision of ecosystem goods and services to dependent 
coastal communities.  
 
The future looks promising and a scenario in which healthy kelp forests thrive alongside 
a sustainable urchin industry can be a reality if science, industry and government pull 
together and create the needed momentum to implement the solutions today that 
restore the kelp forests of tomorrow.   
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APPENDIX: INNOVATIONS IN MARINE 
TECHNOLOGY SOLUTIONS TO SUPPORT 
KELP RESTORATION 
 

TECHNOLOGY DRIVEN HARVESTING SOLUTIONS 
 

The C Bud is a patented harvesting 
solution for the efficient collection of sea 
urchins and other marine species: 

• Remotely and easily operated 
• Minimal impact on the seabed 
• No damage to species harvested 
• Collection of urchins via belt-

driven harvesting process 
• Equipped with positioning 

system, cameras and light for 
monitoring both seabed and the 
harvesting process 

 

 
Advantages over traditional harvesting techniques 
The technology has an advantage over conventional urchin harvesting via hand-
gathering as it does not require the use of SCUBA divers, reducing operating costs. 
Combined with camera and light equipment, the C Bud can monitor the seabed 
during the harvesting process which could reduce the cost of otherwise needed 
monitoring actions. 
 
Application in kelp restoration 
The C Bud can only operate efficiently on flat bottoms without major obstructions 
from rocks and marine vegetation, making it most applicable at the initial phases of 
urchin removal from barren grounds and in areas of low bottom topography. 
 

© C Robotics 
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The C Disc is a mobile highly efficient 
tool for the gentle harvesting of sea 
urchins and other benthic organisms:  

• Diver-operated (shallow areas 
could be operated by snorkelling) 

• Suction hose with a nozzle to 
collect urchins  

• Verified average catch rate of 1.5 
urchins per second (or more, 
depending on density) 

 

 
Advantages over traditional harvesting techniques 
The C Disc was designed to exploit the dive time to the fullest, giving an extremely 
high hourly catch rate compared to conventional hand picking.  
It can easily be deployed and powered from small boats as well as larger vessels, 
making it applicable to both larger operators and smaller fishing vessels. 
 
Application in kelp restoration 
On more complex bottoms or within previously restored kelp beds, the C Disc could 
provide an effective pathway to reduce and maintain low urchin abundances. It 
would also be highly effective in removing urchin aggregations at grazing fronts 
surrounding newly recovered kelp beds and through this increase the extent of the 
recovery plot. 
 

 

 
 
 
 
 
 
 
 
 

© C Robotics 

© C Robotics 
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MONITORING TECHNOLOGIES TO ASSESS RESTORATION SUCCESS 
 

The ‘Underwater Satellite’ developed by 
the start-up technology company 
PlanBlue GmbH:  

• Hyperspectral camera (+200 light 
bands used) 

• Standardised and automated 
seafloor data acquisition and 
processing using AI 

• Geo-referenced data 
• Reduced surveying time 
• Easy-to-read, annotated seafloor 

maps 

 

 
Advantages over traditional monitoring techniques 
The technology reduces surveying time from weeks to days and data processing from 
months to hours, without the need for highly specialised technicians. The easy-to-
read, annotated seafloor maps allow end-users, such as management authorities or 
fishery operators, to clearly see the success of restoration actions, enabling well-
informed data-driven decision making. 
 
A seafloor area of approx. 40 m2 can be monitored in high detail in 60 seconds using 
this technology (i.e. monitors at speed of diving). This is several orders of magnitude 
faster than many traditional monitoring techniques, which can take up to 60 minutes 
to survey the same seafloor area. It is estimated that the costs of monitoring and 
subsequent analysis can be reduced by a factor of 5 compared to conventional 
monitoring methods. The technology is currently still diver-operated but in the future 
a ROV version will be available which will further drive down the costs as no divers 
will be needed.  
 
Application in kelp restoration 
The ‘Underwater Satellite’ can be used for time-efficient monitoring of the seabed 
to assess urchin abundances and kelp coverage. The geo-referenced data allows for 
easy relocation of monitoring areas and particular points of interest, such as sea 
urchin aggregations, that can then be targeted by additional removal actions. 

 

© PlanBlue 
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The bio-inspired fishlike AUV developed 
by Aquaai, a Silicon Valley start-up with a 
newly opened subsidiary in Norway - 
Aquaai Norway AS, collects visual and 
environmental data and delivers it in real 
time to an online dashboard. 

• Energy efficient fin propulsion 
• The biomimetic design allows for 

immersion with the natural 
habitat to get up close for 
superior data acquisition 

• Autonomous, inertial-based 
navigation along pre-planned 
routes 

• Data acquisition and processing 
using AI  

• Customisable sensors (e.g. pH, 
salinity, temperature, depth, 
dissolved oxygen, nutrients) 

 

 
Advantages over traditional monitoring techniques 
The technology reduces surveying time and improves standardisation of data 
acquisition. The AUV removes the need for divers, reducing monitoring costs, which 
is particularly relevant in a Norwegian context due to the high costs associated with 
scientific and commercial dive operations. Wild fish embrace the fish-like AUV, 
improving data aquisition of fish fauna associated to kelp forests which can be 
challenging when conducted by divers. 
 
Application in kelp restoration 
The technology provides an effective way to monitor both the seafloor and pelagic 
environment. The camera can be trained to detect features of interest (e.g. urchins, 
kelp cover, pelagic fish) through AI and machine learning, and can perform 
autonomous quantitative abundance assessments. The AUV can monitor from both 
the surface and underwater, making it applicable in shallow near-shore environments 
as well as in deeper waters. For the context of kelp restoration, the AUV has great 
potential to monitor the transition process from urchins barrens to kelp forests, while 
recording ecosystem service associated paramaters, such as fish abundance, 
dissolved oxygen, nutirents and pH.  

 
 

© Aquaai 

© Aquaai 


