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1 Summary of the scale of seaweed resources in Scotland and
commercial activity to date
Summary Points:
• The only medium to large-scale seaweed harvesting in Scotland is for rockweed
(Ascophyllum nodosum) in the Outer Hebrides, although there is renewed commercial
interest in harvesting kelp for alginate production.
• Some species of red and green seaweeds (i.e. Palmaria palmata, Osmundea pinnatifida,
Ulva spp.) are picked (by hand) on a small scale for high-value products for human food.
• There is a poorly defined regulatory framework for seaweed exploitation at present.
• Data is not routinely gathered by the Scottish Government on the quantities of seaweed
extracted from the coastline.
• Kelp estimated standing stock is 22.85 million tons, covering ~470 000 km2 of the Scottish
coast, with Laminaria hyperborea being the most abundant species (20 million tons).
However, there are some discrepancies between predicted and actual biomasses of kelp
on a fine spatial scale. Therefore, site-specific measurements of actual kelp quantity and
quality would be required in any proposed harvest locations (prior to harvest) to
accurately determine stock size.
• A recent amendment to the Scottish Crown Estate Act (2019) prohibited the harvesting of
kelp for commercial purposes, and if the removal inhibits regrowth of individual kelp
plants.
• More than 180, 713 tons of intertidal seaweed (Fucoids) are estimated to grow around
Scotland; 70% of which is in the Outer Hebrides, and Ascophyllum is the dominant species
• Recent predictions of Ascophyllum biomass in the Outer Hebrides estimate the standing
stock to be 170, 500 tonnes
• The maximum recommended harvest rate of Ascophyllum in the Outer Hebrides is 25% of
standing stock within 3km of a landing facility, which equates to 15,000 t.

1.1 Seaweed of commercial interest in Scotland
Seaweeds in Scotland can broadly be divided into 5 categories (i) wracks (rockweeds); (ii) kelps (family
Laminariaceae); (iii) green seaweeds; (iv) red seaweeds and (v) calcified seaweeds (maerl). This report
is only focusing on wracks and kelps which are of commercial interest.
Around 650 species of seaweed have been recorded in the UK. The vast majority have little commercial
value and are not considered further. In terms of bulk seaweed harvesting or cultivation for
commercial-scale alginate production, only the kelp species are of interest as they have high biomass,
growth and alginate content.
THE FIVE KELP SPECIES OF COMMERCIAL INTEREST ARE :
•
•
•
•
•

Laminaria hyperborea (Cuvie),
Laminaria digitata (Oarweed),
Saccharina latissima (Sugar kelp),
Alaria esculenta and (Dabberlocks)
Saccorhiza polyschides (Furbellow) - taxonomically speaking not a ‘kelp’ but ecologically and
functionally similar and therefore included here as ‘kelp’.
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In addition to kelps, several fucoid species have commercial value, most notably Rockweed
(Ascophyllum nodosum) which is widely distributed along sheltered coastlines and found
predominantly in the mid-intertidal zone. However, Rockweed is very slow growing and long-lived
and is not widely harvested in Scotland, with the exception of the Outer Hebrides (see below).

1.2 Scale of seaweed resources in Scotland
The first detailed estimates of the total biomass of Scottish seaweed resources were published in the
1940s by the Scottish Seaweed Research Association for Ascophyllum nodosum (Walker 1947) and
Laminaria (kelp) species (Walker 1954). These early estimates used a combination of site visits
(including aerial surveys) and field measurement of the seaweed to calculate seaweed standing stocks.
These remained the only information on Scottish seaweed resources for nearly 60 years. More
recently, sophisticated computer modelling techniques have been used to assess the distribution and
biomass of seaweed around Scotland based on their preferred habitats (Burrows et al. 2010; Burrows
2012; Burrows et al. 2018), with site-surveys to validate the models. A summary of the extent of
Scottish seaweed resources is provided below.

1.2.1 Kelp: estimates of biomass and distribution
KELP BIOMASS: The most recent information on the scale of Scottish kelp resources comes from a piece
of modelling work carried out by Burrows et al. (2018), which predicted the extend and biomass of
kelp species based on the their preferred habitat (taking into account factors such as seabed type,
depth, water flow and wave exposure). The total weight of kelp around the Scottish coastline was
predicted for four species: Laminaria hyperborea; Saccharina latissimi, Saccorhiza polyschides, and;
Laminaria digitata (Table 1).
The predicted total standing stock of kelp TABLE 1 PREDICTED STANDING STOCK (BIOMASS ) FOR KELP SPECIES
around Scotland is 22.85 million tons AROUND SCOTLAND.
(Burrows et al. 2018), and the total area of
seabed inhabited by kelp is ~470 000 km2
Kelp species
Total predicted
(Burrows et al 2014). Laminaria
biomass (million tons)
hyperborea is the most abundant kelp
L. hyperborea
20 Mt
species around the Scottish coastline with
Saccharina latissima
2.5 Mt
an estimated biomass of 20 million tons.
Saccorhiza polyschides
0.19Mt
This is 10 times greater than predicted
Laminaria digitata
0.16 Mt
biomass for sugar kelp (Saccharine
Total
22.85 Mt
latissima), and 100 times greater than
Source: Burrows et al. 2018
Furbellows (Saccorhiza polyschides) and
Oarweed (Laminaria digitata). See Table
1. Therefore, Laminaria hyperborea is the seaweed of most commercial interest for large-scale
harvesting (Burrows et al. 2018). No recent abundance and biomass estimates are available for Alaria
esculenta in Scottish waters.
Smale et al. (2016) found that in ‘typical’ open wave-exposed conditions around the western UK
coastline, Laminaria hyperborea exhibits densities of 8-12 canopy-forming individuals per square
meter, or 10-20 Kg fresh-weight biomass per square meter. However, the ‘thickness’ or density of kelp
forest varies around the coast, and in some areas the biomass and cover may be too low for
commercial harvesting. Burrows et al. (2018) advised that harvesting is more likely to be economically
viable when the density of kelp is greater than 2 -5 kg per m2. With this in mind, 77% of L. hyperborea
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biomass occurs in densities greater than 2 kg per m2 but only 33.5% occurs in densities greater than
5kg per m2 (See Table 2).
TABLE 2: BIOMASS AND AREA OF SEABED COVERED BY LAMINARIA HYPERBOREA IN DENSITIES CONSIDERED TO BE MORE
ECONOMICAL FOR COMMERCIAL HARVESTING (>2 KG PER M2 AND >5 KG PER M2)

Laminaria hyperborea
Biomass
% Total Biomass
Area of seabed
2
Density: > 2 kg kelp per m
15,539
77.5%
3,747 km2
2
Density: > 5 kg kelp per m
6,783
33.5%
1,103 km2
Source: Burrows et al. 2018
KELP DISTRIBUTION : Over 75% of L. hyperborea forests that are thick enough to be commercially viable
for harvesting (2 - 5kg plants per m2) are predicted to grow on the wave-exposed rocky coastlines
West of the Outer Hebrides, the Minch and Inner Hebrides, and the north coast and Orkney (Burrows,
2018). A further 10% is found off the east and west coasts of Orkney. See tables Table 4 showing
biomass of four kelp species by Marine Region, and Table 4 for the biomass of L. hyperborea when it
occurs in commercially viable densities of more greater than 2kg per m2 and 5kg per m2 . Within these
locations, L. Hyperborea typically prefers the wave exposed, clear waters (e.g. of the Inner and Outer
Hebrides), while sugar kelp is the main kelp species predicted to occur in sheltered waters (e.g. west
coast sealochs, the less of coastal islands and firths and voes of Orkney). Sugar kelp (Saccorhiza
polyschides) and oarweed (Laminaria digitata), which are less abundant, are slightly more evenly
distributed around the Scottish coast, but the largest populations remain in the Outer Hebrides,
Orkney and the Minch (Burrows et al., 2018).
A ‘Kelp Atlas’ was published by Burrows and Allen in 2018, which show the likely distribution of the
four kelp species at a ‘zoomed-in’ scale of 50km squares. The Atlas can be found here:
http://www.hie.co.uk/common/handlers/download-document.ashx?id=2b1ef3a5-3a23-446a-83e39ead4c052737. It should be noted that the maps are of limited use at the ‘fine scale’ due to the nature
of the seabed-map data used (EMODNET) to predict kelp distribution. However, better seabed data
is now available, and the kelp distribution models have been updated but not yet published (Burrows
pers comms, 2019).
HOW ACCURATE ARE THE MODEL PREDICTIONS OF KELP BIOMASS ? Burrows et al. (2018) checked the
accuracy of predicted kelp biomass against diver surveys, acoustic measurements and underwater
video footage that were used to measure how much kelp was actually present on the seabed in certain
locations. In some cases, the models predicted that there was more kelp than was actually present,
and this usually occurred where data on the seabed type was inaccurate at a fine spatial scale. This
issue comes from the quality and resolution of seabed-type data used in the habitat-suitability model
for kelp biomass (EMODNET), and improvements are being made to the models as better fine-scale
data of these seabed becomes available (Burrows pers comms, 2019).
It’s important to note that the main purpose of the models was to predict where high standing stocks
of kelp biomass are likely to occur. However, Burrows et al. (2018) state that “the ability of the kelp
habitat-suitability model to produce predictions of biomass of Laminaria hyperborea that match locally
measured or estimated values is limited”. Therefore, baseline measurements of actual kelp quantity
and quality would be required in any proposed harvest locations prior to any commercial activity
commenced.
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TABLE 3: TOTAL PREDICTED BIOMASS * OF FOUR KELP SPECIES (IN 1,000T) IN SCOTLAND’S MARINE ATLAS REGIONS .

Marine Atlas Regions
L. hyperborea
S. latissima
S. Polyschides
L. digitata
West of Outer Hebrides
3011
185
19.3
24.5
Minch and Inner Hebrides
7746
1055
68.4
82.8
North coast and Orkney
3529
501
46.6
18.4
West Shetland
772
173
17.2
6.2
East Shetland
753
144
16.4
3.8
Moray and Caithness
1103
78
5.6
4.8
East Scotland Coast
724
35
2.9
3.0
Clyde Sea
801
210
4.1
8.8
Solway and North Channel
852
52
6.0
6.7
Forth
443
40
1.3
2.1
(out of area)
760
34
2.9
4.3
Totals (in 1000t)
19734
2463
188
161
(Mt)
19.73
2.46
0.19
0.16
*Data taken from Burrows et al. 2018 - Read full report for explanation of methodology.
TABLE 4: PREDICTED BIOMASS AND COVER OF LAMINARIA HYPERBOREA (IN 1,000T) IN COMMERCIALLY VIABLE DENSITIES OF
> 2KG PER M2 AND > 5 KG PER M 2, COMPARED TO TOTAL PREDICTED BIOMASS *.

Marine Atlas Regions

Total
Biomass
(1,000t)
3011
7746
3529
772
753
1103
724
801
852

More than 2 kg kelp
per m2
Biomass
Area
(1,000t)
(km2)
2511
542
5996
1403
3024
719
627
135
626
144
835
196
569
130
492
146
547
144

More than 5 kg kelp
per m2
Biomass
Area
(1,000t)
(km2)
1438
225
2346
388
1335
216
367
60
318
53
376
60
294
48
92
16
158
27

West of Outer Hebrides
Minch and Inner Hebrides
North coast and Orkney
West Shetland
East Shetland
Moray and Caithness
East Scotland Coast
Clyde Sea
Solway
and
North
Channel
Forth
443
312
88
60
10
(out of area)
760
555
128
303
50
Totals (in 1000t)
19734
15, 539
3,747
6,783
1,103
(Mt)
19.73
15.54
6.78
Km2
*Data taken from Burrows et al. 2018 - Read full report for explanation of methodology.

%
21%
35%
20%
5%
5%
6%
4%
1%
2%
1%
4%

1.2.2 Rockweed, Ascophyllum nodosum: estimates of biomass and distribution
The Scottish Seaweed Research Association surveyed 92% of the Scottish coastline (excluding
Shetland) for intertidal seaweed resources (Fucoids) between 1945 - 1946. The standing ‘stock’ of
fucoids was estimated to be 180, 713 tons, in areas where fucoid densities were >100 tons per mile
(Walker 1947). Ascophyllum nodosum was the most abundant fucoid, followed by Fucus vesiculosus,
F. spiralis and F. serratus. The study found that the Outer Hebrides supported 70% of the intertidal
seaweed resources, and the Orkney islands supported 22%. The remaining 8% was distributed
between the N and NW mainland, and the islands of Skye, Mull and Arran. The North and East coasts
of the mainland had significantly lower densities of intertidal seaweed (< 100 tons per mile).
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More recently, the rockweed Ascophyllum nodosum resources were quantified and mapped for the
Outer Hebrides by the Scottish Association of Marine Science, in collaboration with the Hebridean
Seaweed Company (Burrows et al. 2010). The purpose of the survey was to provide an estimate of the
extent of the ‘stock’, which could be used to guide sustainable harvesting practices. In this study, it is
estimated that there are 170, 500 tonnes of Ascophyllum nodosum in the Outer Hebrides, 90% of
which is considered to be in high yield harvestable areas (>60 t per km). The greatest biomass of
Ascophyllum biomass was predicted for Lewis (41%), followed by North Uist (22%), South Uist (19%)
and Harris (16%), Barra having very little (2%).

1.3 Current commercial activity
1.3.1 Global context:
Since 2000, worldwide harvesting of wild seaweed has remained fairly stable between 1 to 1.3 million
tons per year since 2000 (FOA, 2014 In Mac Monagail et al. 2017). In 2014 wild harvest accounted for
just 4% of global seaweed ‘production’, with the remaining 96% (28.5 million tons) supplied by
seaweed aquaculture (FOA, 2014 In Mac Monagail et al. 2017). However, in Europe seaweed
aquaculture is relatively undeveloped (compare to Asia for example), and wild harvested accounted
for 99% of European seaweed landings in 2014 (FOA, 2014 In Mac Monagail et al. 2017).
In terms of brown seaweeds, Chile and Norway account for 60% of global wild seaweed harvest,
predominantly landing kelp species. Norway has the greatest landings of brown seaweeds in Europe,
with 154 230 tons of wild-harvested in 2014, primarily comprising of Laminaria hyperborea but also
Ascophyllum nodosum (Stévant et al. 2017; Mac Monagail et al. 2017). Commercial harvesting of kelp
is also carried out in France (33, 919 tons in 2014 – mainly kelp), with some small-scale harvesting of
kelp in Ireland (1400t in 2014) (Mac Monagail et al. 2017). Harvesting of kelp (Laminaria hyperborea)
is predicted to expand in Ireland, due to the granting of an experimental licence (to BioAtlantis Ltd) to
mechanically harvest 1800 acres from Bantry Bay, Cork.
Red seaweeds and green seaweeds are also harvested worldwide but to lesser extent than brown
seaweeds. In Europe, harvesting of red seaweeds peaked in the 1960s (>500 000 tons), but declined
to <80, 000 tons between 2000 and 2009, with Spain being having the greatest landings. Historically,
Maerl (coralline red algae) was harvested mechanically via dredging along the Atlantic coat of France,
and was used to improve soil quality in agriculture. However, a decline in the status and condition of
maerl beds led resulted in maerl being protected under the Convention for the Protection of the
Marine Environment of the North-East Atlantic (OSPAR) (Mac Monagail et al. 2017). Global harvesting
of green seaweeds (mainly Ulva spp.) is only 1 660 tons annually, with Korea dominating the market
(Mac Monagail et al. 2017).
Storm-cast seaweed is also gathered from the shore/beaches in many countries, although the supply
is highly variable and unreliable with a mix of species being washed up. This form of seaweed
harvesting therefore tends focus more on local small-scale economies (e.g. for seasonal use as crop
fertilizer).

1.3.2 Scottish context
Historically, seaweed has been an important resource in Scotland and was utilised by man as far back
as the Iron Age as animal fodder, fertilizer and for restabilising land (Angus 2017). In the 1700s beachcast kelp (Laminaria) and hand-cut fucoids (e.g. Ascophyllum) were exploited on an industrial scale in
Orkney and the Outer Hebrides (Usit islands), for the extraction of products such as potash that could
be used in the bleaching process, and for the manufacture of soap and glass. The commercial
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extraction of seaweed then declined in the 1800s, in part due to the UK governments trading policy,
as well the availability to source potash elsewhere (Angus 2017). Harvesting of kelp and Ascophyllum
resumed in the 1900s, mainly in the Outer Hebrides, but this time for the extraction of alginates. There
was a subsequent ‘boom’ in Scotland’s seaweed industry in the 1960s and 1970s, but international
competition from the Asia and South American seaweed markets eventually led to collapse of the
Scottish seaweed alginate industry (Angus 2017). The last alginate processing plant at Girvan was
closed in 2008, and since then commercial exploitation of kelp has ceased.
The only current medium to large-scale seaweed harvesting operation in Scotland is for rockweed
(Ascophyllum nodosum) in the Outer Hebrides, which is harvested by the Hebridean Seaweed
Company (http://hebrideanseaweed.co.uk/) . The raw material is collected either by hand or by using
small specialized cutting and collecting boats. The products are used in animal feeds, soil
enhancement, alginate, cosmetics and nutraceutical industries. The permitted harvest rates are
guided by a HIE/Scottish Enterprise report (Burrows et al. 2010) (Burrows et al., 2010), which
estimated the stock size (170,000 t), the amount within economical transport distance (3 km) of
landing sites (60,000 t), the maximum safe removal rate (25%) and thereby the maximum
recommended annual landing (15,000 t).
Additionally, some species of red and green seaweeds (i.e. Palmaria palmata, Osmundea pinnatifida,
Ulva spp.,) are targeted commercially as high-value products for human food. Several small-scale
regional SMEs hand-harvest seaweeds from the intertidal zone to sell for human consumption,
although the overall scale and likely impact of these activities is minimal. Beach cast kelp is collected
for fertilization of crops in the Outer Hebrides (mostly islands of South and North Uist), which has been
a traditional practice for hundreds of years (Angus 2017). This process is fairly localised and ‘small
scale’, and mainly takes place over winter when large quantities of kelp are washed ashore after
storms.
More recently, in 2018 the company Marine Biopolymers Limited (MBL) publicised their ambitions to
mechanically harvest 33,000 tonnes of Laminaria Hyperborea per year across a total area ~ 20km2 on
the west coast of Scotland, for the purpose of alginate extraction (ABPmer 2018). A scoping report
was submitted by MBL to Marine Scotland ahead of a Marine Licence application for one or more 5year marine licences to remove entire kelp plants, including the holdfast, from the seabed. MBL
propose that the kelp be harvested with vessels similar to those used in Norway, in which a 3-4 m
wide comb-like harvesting head is deployed from the vessel, and trawled through the seaweed at
approximately 0.5 m above the rock substrate at a speed of around 3 knots. Each trawl is proposed to
last around 2 minutes, covering and area of around 200 m before the head is lifted and the kelp
removed (ABPmer 2018).
However, the scoping report was placed under considerable scrutiny, and the proposed methods and
scale of harvesting kelp was opposed by a variety of stakeholders, from coastal community groups to
concerned individuals (Marine Scotland LOT 2018). Shortly after the scoping report was published,
public and political pressure resulted in an amendment being made to the Scottish Crown Estate Act
2019 stating that the Scottish Crown Estate must not grant a right to remove wild kelp from the seabed
if (i) removal of the kelp would inhibit the regrowth of the individual plant, and (ii) the kelp removed
is intended for commercial use.
Despite the recent interest in seaweed in Scotland, there is no regulatory framework for seaweed
harvesting at present, and data is not routinely gathered on the quantities of seaweed extracted from
the coastline. However, Scottish Natural Heritage (the statutory adviser on nature conservation in
Scotland) have provided advice to the industry as and when required, and the Scottish Government
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launched a Strategic Environmental Assessment (SEA) consultation on wild seaweed harvesting in
2016 (Scottish Government and ABPmer 2016).

2 A characterisation of seaweed ecosystems in Scotland: Exploring
ecosystem diversity and functionality and role within the wider
marine ecosystem
Summary Points:
• Canopy forming seaweeds play a number of important ecological roles, including (but not
limited to); primary and secondary production and detritus production (which fuels
marine food webs) carbon capture and storage, habitat provision for other species,
nutrient cycling and coastal protection
• A single L. hyperborea holdfast may support >50 species and >100 individuals, and a single
stipe assemblage may contain >80,000 invertebrate individuals.
• In addition, kelp is an important habitat for a number of commercial fish and shellfish
species including cod, pollack, saithe, eels, European lobster, spider crab, and brown crab
• Approximately 80% of kelp derived carbon is exported as detritus; which is an important
food source to a number of marine food webs
• Coastal plants (predominantly kelp) potentially contribute 1.8 million tons organic carbon
(MtC) to carbon storage each year in Scotland.
• Storm-cast seaweed (in Scotland) enhances the abundance and diversity of beach fauna,
which are an important food source for migrating shorebirds
• Nearly 100 different species are associated with Ascophyllum beds in the UK; of which ~
30% are ‘plants’ and ~60% are animals, and Ascophyllum is an important foraging habitat
for birds (such as grey herring).
• Ecosystem services provided by seaweed have considerable economic value. A recent
study for the Sussex IFCA predicted that the 6.28 km2 of kelp habitat remaining off the
West Sussex coastline is worth £79,170 per annum (kelp has declined 90% in the area since
the 1980s). Restoring the kelp habitat to its hypothetical maximum extent of 167 km 2
could potentially provide ecosystem services valued over £3 million pounds. The highest
value was attributed to coastal protection from storms.

2.1 Preferred habitats (from exposed coasts to sheltered lochs):
There are several different species of kelp in UK waters, but the vast majority of seaweed ecosystems
in Scotland are dominated by the kelp Laminaria hyperborea, which extends from the very shallow
subtidal zone to depths in excess of 40 m in clear waters (for example off St. Kilda). The various kelp
species also ‘prefer’ different levels of exposure to waves and currents, and so the kelp community on
an exposed open coast will be different to that found in more sheltered sea lochs. The rockweed,
Ascophyllum nodosum grows exclusively in sheltered locations in the intertidal zone and its abundance
decreases as wave exposure increases. On very sheltered shores it may be outcompeted by Fucus
vesiculosus. The habitat preference and life history traits of kelp and Ascophyllum are detailed in the
Appendix (Section 7)
L. hyperborea outcompetes other kelps along open, wave exposed coastlines and forms extensive
mono-specific stands (Smale et al. 2013a). In the narrow low intertidal fringe, Laminaria digitata can
form dense and extensive stands on moderate-to-fully wave exposed rocky shorelines. In wave10 | P a g e

sheltered embayments and sea lochs Saccharina latissima tends to dominate and can form extensive
low-lying canopies. S.latissima can also function as an early colonising pioneer species in extremely
wave-exposed habitats, although is quickly outcompeted by L. hyperborea or Alaria esculenta.
Saccorhiza polyschides generally functions as a mid-successional species and plays an important role
in post-disturbance recovery. Although it can be locally dominant, it tends to be patchily distributed
and generally found in gaps in kelp canopies (Smale and Moore 2017). In more disturbed conditions
(and with continued warming) it is anticipated that S. polyschides will increase in abundance, as it has
further south in England (Smale et al. 2013a). Finally, the cold-water kelp Alaria esculenta is generally
restricted to extremely wave exposed and turbulent environments. It can dominate the low intertidal
fringe on wave-exposed coastlines and also subtidally in gaps in L. hyperborea canopies. It is important
as a mid-successional species and is more abundant in disturbed habitats. A. esculenta is a cold water
species and is thought to be declining in abundance in southern Ireland and England, in response to
ocean warming (Simkanin et al. 2005; Smale et al. 2013a).

2.2 Diversity of associated communities and food webs
Seaweed ‘plants’ (technically ‘sporophytes’ but the more general term ‘plant’ is now widely accepted)
promote local biodiversity by providing biogenic structural habitat (i.e. complex, extensive living
space) and by increasing food availability (through direct primary production and by ‘trapping’
particulate organic matter from both phytoplankton and seaweeds). Both of these mechanisms
increase floral/fauna abundance and diversity which, in turn, translate through food webs and
increase secondary production.
Kelp plants themselves offer 3 distinct microhabitats (holdfast, stipe and blade) and large stands of
kelp plants also form canopy and sub-canopy habitats at the reef scale (Teagle et al. 2017). In general,
faunal assemblages associated with holdfasts are the most diverse, those associated with stipes the
most abundant and those associated with the blade are generally low in richness and abundance.
Laminaria hyperborea typically supports high levels of diversity, due to the large size of its holdfast
and the rich and abundant epiphytic red algal assemblage attached to most stipes, which in turn
provide food and structure for fauna. For example, a single L. hyperborea holdfast may support >50
species and >100 individuals (Teagle et al. 2017; Teagle and Smale 2018) and a single stipe assemblage
may contain >80,000 invertebrate individuals (Christie et al. 2003). Although scaling up from a single
plant to an entire coastline is inherently uncertain, it is clear that these habitats support considerable
levels of diversity, comparable to other habitat types such as some coral reefs and seagrass meadows
(Teagle and Smale 2018).
Kelp forests underpin food webs in coastal environments by directly providing energy, by supporting
other primary producers, and by trapping and offering allochthonous organic matter to consumers
(Schaal et al. 2012; Leclerc et al. 2013). Increased food availability within kelp forests leads to
increased secondary production and greater abundances at higher trophic levels. However, the
majority of kelp derived carbon (~80%) is exported as detritus, which is an important food source in
low-productivity habitats (e.g. shelf sediments) that has been shown to increase secondary production
(Vetter and Dayton 1998; Duggins et al. 2016). In the Outer Hebrides, beach-cast kelp has been shown
to play a vital role in coastal food webs (K. Orr 2013), and provides an essential food source to beach
invertebrates. The biomass of fly larvae found in mounds of rotting seaweed in the Uists are some of
the highest reported globally, and these larvae are a critical food source for shorebirds that stop-over
on the islands to ‘refuel’ during their spring and autumn migration passages (Orr 2013). In addition,
beaches in the Outer Hebrides with large quantities of kelp support higher abundances of
invertebrates than the surf-zone adjacent to the beach (K. Orr 2013; K. Orr et al. 2014), which is
attributed to the shelter (and food) provided by the detached floating seaweed.

11 | P a g e

Intertidal rockweed (Ascophyllum) also supports a diverse range of marine life, and these included
sessile species living attached to the seaweed or rocks, and mobile invertebrates living amongst the
seaweed, which in-turn attract predators such as birds, fish and otters (Kelly et al. 2001). In Ireland,
up to 97 different species were associated with Ascophyllum beds, of which ~60% were animals and
30% were ‘plants. Of the animals recorded, 27 were species of mobile fauna including amphipods,
isopods, polychaetes, molluscs and crabs (Kelly et al. 2001).

2.3 Habitat provision (in relation to fisheries)
Kelp forests unequivocally support coastal fisheries through the provision of habitat, either as nursery
grounds, foraging areas or permanent dwellings. The majority of studies conducted to date have found
a positive relationship between kelp forest extent/condition and fisheries-relevant variables (Bertocci
et al. 2015). Within the UK, kelp forests are likely to function as important habitat formers for cod
(Gadus morhua), pollack (Pollachius pollachius), saithe (Pollachius virens), eels (Anguilla anguilla),
European lobster (Homarus gammarus), spider crab (Maja brachydactyla), and brown crab (Cancer
pagurus) (Norderhaug et al. 2005; Daly and Konar 2010; Seitz et al. 2014; Unsworth et al. 2014).
In the intertidal zone, the rockweed Ascophyllum is also an important habitat and nursery area for
many fish species. A study in Nova Scotia found that 23 species of fish and large decapods were
recorded in Ascophyllum beds, including commercial species such as cod, eel, lobster, and rock crab
(Vercaemer et al. 2018). The majority (80%) of fish were juveniles, and mean fish densities ranged
from 0 to 1.37 individuals per m2 weed. In addition, the diversity of fish assemblages was higher in
rockweed beds than in associated bare habitats. This study illustrates the importance of intertidal
seaweed beds in fisheries production (Vercaemer et al. 2018).
In Scotland, a study in Loch Etive recorded 14 fish in the intertidal zone, and higher species richness
and fish abundance was recorded in Ascophyllum beds compared to Fucus. In addition, adult grey
herons show a preference for feeding in Ascophyllum (compared to Fucus) and the number of foraging
birds tends to increase with Ascophyllum cover (Carss and Elston 2003). These finding suggest that fish
communities and their predators should be considered in any future management of Scotland’s
seaweed resources.

2.4 Primary productivity, carbon assimilation and transfer
Kelps are some of the fastest growing autotrophs on Earth and exhibit extremely high rates of primary
productivity. Each UK kelp species exhibits different timings and rates of growth, which in turn vary
under different environmental conditions (Pessarrodona et al. 2018). While some kelp-derived organic
matter is directly consumed (mostly by small gastropod grazers like Patella pellucida and Lacuna
vincta), the vast majority (~80%) is exported as detritus (Krumhansl and Scheibling 2012). The fate of
this kelp detritus is very poorly known; although most of this carbon may be remineralised by bacteria
or detritivores quite quickly, it is likely that a significant fraction of this carbon persists in the marine
environment at time scales relevant to natural carbon sequestration (i.e. blue carbon, see KrauseJensen and Duarte 2016). In reality, coastal carbon cycles are very poorly understood but there is a lot
of emerging evidence to suggest that carbon donation by kelps is an important process for both
natural sequestration and for subsidizing food webs in other habitats. For example, L. hyperborea
populations across Europe export 5.71 Tg carbon per year, which is more carbon than other vegetated
habitats found in Europe, in both terrestrial and marine ecosystems (Pessarrodona et al. 2018).
In Scotland specifically, kelp carbon may eventually arrive at carbon storage habitats, such as deepsea sediments, seagrass meadows, salt marshes, maerl beds and sea lochs/fjords, where particulate
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matter may become trapped and stored for meaningful timescales. As such, any reduction in kelp
carbon release, caused by ocean warming or direct removal for example, may affect coastal carbon
cycling and the capacity of ecosystems to store carbon naturally. Burrows et al. (2014) estimated that
18 million tonnes (MtC) of organic carbon are stored in the top 10cm of sediments across the 470
000km2 area of Scotland’s seas, and that the main producer of carbon entering long-term storage in
sediments is phytoplankton (3.9 MtC/yr), however coastal plats (mainly kelp) potentially contributing
a further 1.8 MtC/yr to carbon storage.

2.5 Other key functions and services (wider ecosystem roles)
Coastal defence is perhaps one of the most important services supplied by kelp forests through the
absorption and dampening of wave energy (Løvås and Tørum 2001; Smale et al. 2013a)(Løvås and
Tørum 2001; Smale et al. 2013a, b). However, little empirical evidence is available on the implications
of removing kelp stands on coastal erosion as it is logistically and conceptually challenging to develop
and run hydrodynamic models and experiments that accurately test the effects of kelp forest removal
on wave attenuation/buffering. Intuitively, extensive stands of large L hyperborea plants alter water
flow to some degree, but it is currently not known how large-scale removal of kelp would affect
biogenic coastal defence. That said, several flume-based studies have been conducted and showed
that large plants do influence hydrodynamics (for example Løvås and Tørum 2001)
West of the Outer Hebrides, dense kelp forests grown on shallow rocky reefs that extend along much
of the coastline of South and North Uist, and these kelp beds have been attributed to protecting the
low-lying string of islands from coastal erosion and the might of Atlantic storms (Mollison 1983;
Chapman 1984; Love and Heritage 2003). Wave power losses of 54% have been recorded between
depths of 100 m and 15 m off the Uist, with the greatest losses in energy experienced between 23 m
and 15 m depth where kelp beds are abundant (Mollison 1983). Therefore, with the exception of large
storms, there is little wave action inshore of the Uists, and the majority of wave absorption is likely
attributable to the extensive kelp forests (Wolf and Woolf 2005). Similar coastal defence is probably
also provided by kelp forests off the isles of Coll and Tiree, as well as other locations where kelp forests
grow on rocky reefs adjacent to soft shores / sandy beaches.
As summarised in the sections above, seaweed plays an important role in primary, secondary and
detritus production as well as carbon storage and nutrient cycling. Canopy forming seaweed also
provide food and habitat structure for a multitude of species, fuel food webs and provide biological
links between ecosystems (Lotze et al. 2019). In addition, they buffer coastlines from waves and storm
surges and can act as natural filters for coastal runoff (Lotze et al. 2019). The kelp beds can be
important for recreation and tourism (wildlife watching, diving and snorkelling), and so have a social
and cultural value (Williams and Williams 2019). All of these roles fall under the ‘ecosystem goods and
services’ provided by canopy forming kelp, which have an inherent socioeconomic value.
VALUING ECOSYSTEM SERVICES OF KELP , CASE STUDY FROM SUSSEX:
A recent study by the New Economics Foundation (NEF) valued the ecosystem services benefits of
restoring kelp forests in South Sussex, which have declined by over 90% since 1980s (Williams and
Williams 2019). Factors that could explain the decline include (but are not limited to) towing fishing
gear on the seabed, climate change, storm damage and pollution. Kelp is considered an ‘Essential Fish
Habitat’, and a proposal was put forward by the Sussex Inshore Fisheries and Conservation Authority
(SxIFCA) to restrict mobile gear fishing within 18% of its nearshore waters to enable kelp forests to
recover to historic densities (Williams and Williams 2019). In light of this proposal, NEF developed an
‘economic valuation model’ to predict the value of ecosystem services that could be provided by
restoring kelp forests in Sussex IFC. Ecosystem services provided by kelp were valued under three
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scenarios (i) current extent of kelp (6.28 km2), (ii) past extent in 1987 (177 km2), (iii) hypothetical
maximum extent (167 km2). Hypothetical maximum was obtained using bathymetry data to identify
areas of seabed in Sussex IFCA with suitable substrate for kelp growth. The ecosystem services
included in the model included: fishery resources harvesting e.g. materials (alginates) for
pharmaceutical and industrial use; water quality maintenance; protection of coastlines from storm
surges waves/ reduction in shoreline erosion; carbon sequestration; nursery habitats for commercial
fish species; tourism and recreation (e.g. diving).
The ecosystem services provided by the current kelp habitat (6.28 km2) off the West Sussex coastline
are estimated to be worth £79,170 per annum (Williams and Williams 2019). Protecting the coastline
from the impacts of storm surges and erosion was predicted to have the highest value (£30,861, 39%
of the total). If kelp forests were restored to their hypothetical maximum extent (of 167 km2) then
they could potentially provide ecosystem services valued over £3 million pounds (£3,630,605). The
greatest contribution would again be to regulating services (e.g. storm protection- £1.2 million),
followed by carbon sequestration (£0.6 million) and provision of nursery habitat for commercial fish
species (£0.4 million). However, it should be noted that there are several limitations to the models.
For example, data for UK kelp forests was not available to populate the models, and proxies had to be
derived from kelp forests in Chile and from studies valuing seagrass ecosystem services (Williams and
Williams 2019).
More widely, assessments of the ecological goods and services provided by kelp forests in Chile, South
Africa and Australia have also shown that these ecosystems are extremely valuable and have
significant socioeconomic importance (Vásquez et al. 2014; Bennett et al. 2016; Blamey and Bolton
2018).
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3 Ecosystem impacts of seaweed harvesting and recovery rates
Summary Points:
• Impact varies according to species, scale, technique and local environmental conditions.
• Management measures can substantially reduce impact and ensure sustainability of
harvesting (at an ecosystem level), including: harvest limits (quota); cutting methods (cutting
height and spacing plant); gear restrictions; seasonal closures; spatial management (e.g.
harvest rotations); by-catch limits (e.g. for hold-fasts), and; no-take protected areas.
• Laminaria hyperborea: Canopy biomass generally recovers 4-6 years after mechanical
harvest, but repeated long-term harvesting can lead to a dense, homogenous kelp forest
with lower species diversity.
• Laminaria digitata: Canopy biomass can recover 1-2 years after harvesting, but repeated
harvesting each year may lower the average age of plants in the canopy, thereby reducing
overall reproductive capacity and impacting long-term yields.
• Recolonization times of associated fauna after kelp harvest varies depending on mobility of
species: ~1 year for species with pelagic larval dispersal to reach maximum densities on new
holdfasts (e.g. polychaetes and gastropods); > 6 years for species with limited dispersal (e.g.
isopods) to reach maximum densities on holdfasts; ~5 years for epiphytes to reach 80% of
previous density; juvenile fish return to the kelp habitat once the canopy has regenerated.
• Urchin grazing may slow or inhibit regrowth of kelp canopy after harvesting. As a precaution,
areas can be closed to kelp harvesting when urchin densities are high (as in Norway).
• Warming seas can result in fast-growing kelp (e.g. Saccharina latissima and Saccorhiza
polyschides) outcompeting L. digitata and L. hyperborea at their southernmost range. This
can have economic impacts to harvesting industry.
• Ascophyllum nodosum: recovery rate of seaweed depends on cutting height, but 3-5 years is
usually sufficient to allow full regrowth if >15-20 cm of the plant remains intact.
• Intertidal communities are fairly resilient to change. Smaller invertebrates, mobile
megafauna (e.g crabs) and sediment are mostly unaffected by commercial harvesting of
Ascophyllum (cut to 40cm). But cutting to 20cm can reduce abundance of mobile megafauna
in the short term. There is little evidence of impact to fish due to commercial harvesting of
rockweed. Leaving 5-6 years between harvest cycles is likely to ensure recovery of ecology.
• Wider ecosystem impacts of large-scale seaweed harvesting could include; changes to
coastal nutrient cycling, reduced wave attenuation and therefore increased coastal erosion,
changes to coastal food webs associated with lower input of detritus, reduced habitat
provision and impacts to the social/cultural value of the coast (e.g. diving / snorkelling). An
ecosystem-based approach to managing the resource with strict regulations on cutting
methods and frequency could mitigate these impacts.

3.1 Kelp
Harvesting impacts intuitively vary with scale and technique, and very few studies in Europe have
quantitatively measured impacts on a range of functions, or monitored recovery over appropriate
timescales. That said, large scale mechanical removal of kelp has been linked (either directly or
through modelling studies) with the impacts summarised below. The magnitude of impacts can be
reduced through management actions such as implementing quotas, seasonal closures, spatial zoning
(e.g. rotation, no take zones, fallow areas), gear restrictions and community co-management (Lotze
et al. 2019).
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SUMMARY OF IMPACTS TO KELP FOREST DUE TO HARVESTING :
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Reduced canopy biomass immediately after harvesting
Altered growth rates and population dynamics of kelp
Reduced detritus production
Reduced carbon storage and transfer
Reduced nutrient cycling
Shifts in species composition of kelp canopy
Reduced habitat availability for species associated with kelp
Reduced diversity
Altered structure of associated communities
Altered habitat structure at landscape scale (i.e. extent, fragmentation, connectivity)
Altered gene flow
Reduced nursery and foraging habitat for fisheries species
Reduced shoreline protection
Habitat fragmentation

3.1.1 Recovery rates of kelp forest (canopy):
LAMINARIA HYPERBOREA: Several studies in Europe have found that new kelp forests are able to
establish after mechanical harvesting or artificial removal, and recovery is more rapid if the rock
surface is not scraped entirely clean of small kelp recruits (Kain 1975a). Generally, fast growing
opportunistic algae tend to colonise the rocks immediately after Laminaria hyperborea is removed,
but through the process of natural succession L. hyperborea becomes the dominant species 2-3 years
after harvesting (Kain 1975a). As such, repeated harvesting every 3 years or less will not allow
Laminaria hyperborea to re-establish as the dominant species. The season in which kelp is cleared
(summer, autumn, winter, spring) does not have a strong effect on the rate of recovery to virgin
biomass, and similar patterns of species succession are observed for all seasons (Kain 1975a; Christie
et al. 1998).
In southern/central Norway (where kelp is harvested mechanically – see section 5.2), considerable
variability in recovery rates was observed between 2 study sites, indicating the importance of
environmental context and the structure of undisturbed kelp populations (Christie et al. 1998). At one
site, Laminaria hyperborea plants themselves recovered within ~4 years, in that stipe length, holdfast
volume and density in harvested areas were comparable to those in unimpacted areas. At another
site, where kelp plants were longer lived, recovery had not occurred within 6 years (Christie et al.
1998).
In a similar more recent study conducted in northern Norway, the biomass of Laminaria hyperborea
had recovered at sites 4 years after harvesting via mechanical seaweed-trawl (Steen et al. 2016),
whereas age structure, plant size and epiphytic assemblages had not recovered. The study showed
the importance of understorey sub-canopy juvenile plants in the recovery process and noted that the
density of juveniles in recovering areas was lower than in pristine kelp beds. As such, repeated
harvesting may reduce density of juveniles and capacity for recovery following harvesting. In addition,
repeated clearing, at 5-6 year intervals, may lead to the development of a very dense, homogenous
kelp forest with lower species diversity (Christie et al. 1998). In Norway, a harvest rotation of 5-years
is now enforced for commercial exploitation of the kelp Laminaria hyperborea with seaweed-trawlers
(the rotation period was every 4-years prior to 1992), and this is believed to ensure the sustainability
of the resource (Mac Monagail et al. 2017). For more information on management of kelp harvesting
in Norway see section 5.2.
16 | P a g e

LAMINARIA DIGITATA:
The majority of Laminaria digitata harvested in Europe is from Brittany, France, where a mechanical
‘scoubidou’ is used to remove the kelp (see section 5.2.3). The landings of L. digitata declined from
60, 000 tonnes to 50, 000 tonnes between 2001 and 2011, which initially raised concerns about the
health of the stock and fishing pressure. However, the decline in landings has been attributed more
to changes in size and number of harvesting vessels, and actual standing stocks have remained fairly
stable over time. (Davoult et al. 2011). In addition, increasing sea temperature was found to have the
largest negative impact on yields if L. hyperborea in Brittany, where the species is at its most southerly
range (Werner and Kraan 2004; Davoult et al. 2011).
However, other reports (cited in Werner and Kraan 2004) suggest that Laminaria digitata stocks are
declining in some areas and that mono-specific stands have become more mixed following a
proliferation of Saccorhiza polyschides, which can quickly colonise disturbed areas and has benefitted
from recent increases in sea temperature (but has low economic value). Repeated annual harvesting
of L. digitata has reduce the average age of plants in the canopy to <3 years old. This age-shift may
reduce harvest yield in the long-term because highest plant biomass is found in 3-4-year-old L. digitata
(Arzel, 1998 In Werner and Kraan 2004). In addition, L. digitata are fertile in their second year but their
reproductive capacity/potential is greatest at 4 years old. Therefore, lowering the average age of
canopy plants to <3 years may negatively impact recruitment in the long-term (Werner and Kraan
2004). In addition, the scoubidou can lift up to 10% of the rocks when harvesting kelp, and this can
lead to recolonization by the opportunistic species Saccorhiza polyschides which is more capable of
growing on disturbed ground / gravels (Mesnildrey, Lucile et al. 2012).

3.1.2 Urchin grazing on kelp:
Grazing by herbivores can influence the rate at which kelp forests regenerate, and sea urchins have
been known to create extensive ‘barrens’ within kelp beds by feeding on young sporophytes. The issue
can be exacerbated if there is a corresponding decline in sea-urchin predators (such as lobsters or
otters), which can lead to an ‘explosion’ in urchin populations and has partially been responsible for
the decline of Californian kelp forests in the past (Tegner and Dayton 1991). Urchins can encroach on
an area of seabed after kelp has been removed, such as after large storm events, harvesting, or dieback of kelp due to high sea temperatures (Vea and Ask 2011). Once the urchin population is
established it can be difficult for kelp canopy to regenerate because of the constant grazing pressure.
Urchin over-grazing has also been responsible for creating barrens in Norway and Nova Scotia kelp
beds, which can take decades to recover (Norderhaug and Christie 2009). No such urchin barrens have
been documented in the UK.
The main culprit of overgrazing L. hyperborea in other countries is the green sea urchin
Strongylocentrotus droebachiensis, which has only been recorded in a few locations around Scotland.
The edible sea urchin Echinus Esculentis is more commonly found around the Scottish coast, and has
not yet been linked with extensive urchin barrens (unlike S. droebachiensis). However, research in
Norway found that regeneration of kelp biomass after harvesting was strongly related to the density
of E. esculentis; with densities of 4-5 animals per m2 inhibiting regrowth of kelp forests up to 2.5 years
after harvesting (Sjøtun et al. 2006). Therefore, based on the precautionary approach kelp harvesting
in Norway is closed in areas with recorded high abundances of E. Esculentis (Vea and Ask 2011).

3.1.3 Impacts of sea temperature on recovery of kelp after harvesting:
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Climate change is placing an additional pressure on L. digitata and L. hyperborea stocks at their
southernmost range, which can have knock-on effects to seaweed harvesting industries. For example,
in Brittany L. digitata is at its most southerly range and is increasingly being outcompeted by the fast
growing kelp Saccorhiza polyschides after harvesting (Werner and Kraan 2004; Mac Monagail et al.
2017). Saccorhiza polyschides can tolerate higher temperatures than L. digitata, and even a slight
increase may positively affect growth and reproduction of S. polyschides, and negatively impact L.
digitata (Werner and Kraan 2004). This species shift in Brittany has had an economic impact on
harvesters because S. polyschides has a lower alginate content than L. digitata, and is therefore less
desirable to processors (Werner and Kraan 2004). In southern Norway, summer die-off events have
been recorded for both the sugar kelp Saccharina latissima and Laminaria hyperborea, which have
been associated with high-temperature events (Vea and Ask 2011). However, management structures
are in place for the Norwegian kelp fishery that allow for closure of harvesting areas where warmwater events have occurred (Vea and Ask 2011).

3.1.4 Impacts to other marine life associated with kelp forests:
Using ecological models, Rinde et al. (2006) calculated that trawling in Norwegian kelp forests had a
substantial effect on primary and secondary production, calculating that primary production could be
reduced by 45% and secondary production by 70–98% within trawled areas, although recovery rates
were not predicted. In addition, although kelp canopy cover is able to recover partially or fully in 4-6
years, associated stipe and holdfast assemblages had not recovered at either site within 6 years
following harvesting (Christie et al. 1998). The dispersal of fauna between and within harvested areas
will depend on the size of the areas, and the mobility of the species. A study in Norway found that
87% of mobile species within large cleared areas (~ 5000 m2), were able to recolonise suitable
substrates (e.g. nearby kelp holdfasts) within 35 days (Waage-Nielsen et al. 2003).
In addition, the amount of kelp ‘plant’ that remains intact after harvesting influences both the
regrowth of the kelp, as well as the impact to wider ecosystems. For example, food-web modelling
studies of Chilean kelp forest found that if only the kelp blade was harvested, as opposed to the whole
plant, then there was only a small impact at the ecosystem-level and harvesting could be ‘ecologically
sustainable’ (Ortiz 2008, 2010a).
Removal of kelp forest habitat may affect the abundance and diversity of fish species which, in turn,
may affect higher trophic levels. For example, in Norway the number of small gadiod fish was 92%
lower in harvested areas (up to at least 1 year post-harvest) compared to unimpacted kelp forest and
the number of cormorants seen foraging in harvested areas was significantly lower, presumably due
to lower prey availability (Lorentsen et al. 2010). However, these results are in contrast to those
published by the Institute of Marine Research in Norway, which found that mechanical kelp harvesting
(on a 5-year rotation) has ‘a minor to non-existent impact on the density and distribution of fish
(Sjotun 1999 In Vea and Ask 2011). There is currently little understanding on the extent to which
marine mammals rely on or utilise kelp forests in the UK and wider Europe. However, it is likely that
kelp habitats provide important foraging areas for many a number of marine mammals.
Despite these impacts, it has been argued that the Norwegian approach to managing kelp harvesting
is perhaps the most sustainably and effective in the world, as it has included multiple stakeholders,
has strong governance and compliance measures and a well-funded monitoring and research
programme (Vea and Ask 2011). While this may be the case, it is important to note that mechanical
kelp harvesting in Norway began 50 years ago, has been actively managed since the early 1970s, been
governed by law since the 1990s and has had significant research funding to inform management
actions.

18 | P a g e

TABLE 5: SUMMARY OF TIME TAKEN FOR VARIOUS COMPONENTS OF THE KELP FOREST COMMUNITY TO RECOVER TO ORIGINAL
DENSITIES , AND EFFECT OF SEASON AND REPEAT CLEARING THE RECOVERY . E XTRACTED DIRECTLY FROM M ACLEOD ET AL .
(2014)
Flora/fauna

Impact

Recovery period

Season of
clearing
No effect on
recovery

Kelp

Immediate loss of canopy
species, L. hyperborea

2-5 years to reach original
canopy height and
biomass1,2

Understorey
flora

Outbreak of opportunistic
seaweed species (Desmarestia
spp. and Saccorhiza
polyschides) in first 6 months
to 1 year2
Possible encroachment of sea
urchins into cleared areas,
which may inhibit regrowth of
kelp via grazing of juvenile
seaweed4
Immediate loss of species
attached to kelp

Opportunistic species
replaced by canopy
species within ~ 1 year2

Colonisation
greatest in
summer
months2

Dependent on the
abundance of urchins4

Unknown

5 years to reach ~ 80%
original density1

No effect on
recovery

If holdfast is removed, then
there will be an immediate
loss of holdfast species. Some
fauna may seek refuge in
adjacent kelp or under
stones5.
If holdfasts are left intact then
fauna will be less disturbed.

~ 1 year for polychaetes,
gastropods and species
with pelagic larval
dispersal to reach
maximum densities on
new holdfasts1
> 6 years for species with
limited dispersal (e.g.
isopods) to reach
maximum densities1
Juvenile fish return once
kelp habitat regenerates3.

No effect on
recovery

Understorey
fauna

Epiphytes

Holdfast
fauna

Fish

Repeat clearing
L. hyperborea unable
to recover when
repeat clearing
intervals are < 2
year2.
Opportunistic algae
persistently
dominate when
clearing intervals are
< 1 year2
Unknown

Do not recover to
original diversity
when repeat
clearing intervals are
< 5 years1
Do not recover to
original diversity
when repeat
clearing intervals are
< 5 years1

Decline in abundance of
More vulnerable Unknown
juvenile fish within cleared
during
areas. Migration to kelprecruitment
forested areas likely3.
period (spring)
No change to abundance of
adult fish in cleared areas3.
Birds
Unknown. However, kelp
Unknown
Unknown
Changes in feeding
removal may impact diving
patterns likely.
birds, such as cormorants, by
altering their familiar feeding
habitat and through a
reduction in fish abundance.
1 (Christie et al. 1998), 2 (Kain 1975a), 3(Lorentsen et al. 2010), 4 (Norderhaug and Christie 2009), 5 (Waage-Nielsen et al.
2003)

3.2 Ascophyllum nodosum
3.2.1 Impacts to Ascophyllum plants and recovery rates
A number of studies have assessed growth and recovery of Ascophyllum beds after harvesting, and
the optimum regeneration rate varies by location, harvesting intensity, amount of plant removed, and
harvesting method (hand versus mechanical removal) - among other factors. In the Outer Hebrides,
Tyler (1994) studied the immediate short-term and long-term recovery of Ascophyllum after the
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seaweed had been hand-cut (with a sickle) near the base of the plant, and reported full recovery of
Ascophyllum beds 3-5 years after harvesting. However, Fucus vesiculousus and Ulva, which are faster
growing, were more abundant shortly after the harvest period but were later outcompeted by
Ascophyllum. In Ireland, a recovery period of 5-6 years is recommended after hand-harvesting to allow
for maximum long-term yield (Baardseth 1955). However, Kelly et al. (2001) found that biomass was
restored to 100% 18 months after harvesting by both hand and mechanical means (which left 20cm
and 50cm of the plants intact respectively).
As seen above, the rate of recovery is dependent of the amount of Ascophyllum left to regrow after
cutting. On the extreme end of the scale, if rocks are scraped clean of holdfasts then Fucus may
become the dominant seaweed species for an extended period of 3-12 years, and predation of
new/young Ascophyllum plants (e.g. by limpets) will slow regeneration and recovery (Jenkins et al.
2004). Leaving a greater amount of base ‘vegetation’ after harvesting will lead to faster regrowth
rates and potentially allow for shorter time between successive harvesting events. For example, Seip
(1980) predicted that if 20-30% of the base vegetation is left, the stocks could be harvested every 2
years, but if only 3-4% then stocks could only be harvested every 4 years or more. In traditional handcutting, only the stumps and shoots are typically left (corresponding to ~2% of the plant), and
successive yields could be increased by leaving more of the seaweed intact (Seip 1980a). In Scotland,
early investigations by the Scottish Seaweed Research Institute suggested that recovery would be
faster if only 50% of the plants were cut (leaving vegetation >25cm intact). However, this would be
problematic for hand cutting since it would require cutting across the thicker part of the plant
(Burrows et al. 2010), and it would reduce harvest yield by ~50%.

3.2.2 Impacts to other marine life associated with Ascophyllum beds:
In Northern Ireland, the effects of cutting Ascophyllum (10-15 cm from their base) was investigated
2.5 years after a one-off harvesting event to assess impacts to shore ecology (Boaden and Dring 1980).
Findings show that noticeable (and in some cases significant) ecological changes occurred after
cutting, including; an increase in the cover of green algae and Fucus vesiculosus; increase in the
abundance of limpets (which graze on young Ascophyllum and other algae); increase in microalgae
cover on boulders; a significant decrease in the cover of marine sponges, bryozoans and barnacles,
and; a 30-60% decrease in the fauna living under/on boulders in the cleared area. Sediment transport
was also altered after clearing. However, Boaden and Dring (1980) predicted up to an 80% recovery
in ecology after a four-year period.
A more recent study in Ireland looked at the impacts before and after seaweed removal over an 18month period, for both mechanical and hand-harvesting techniques (Kelly et al. 2001). Between 8797 different taxa were associated with Ascophyllum (which varied greatly in space and time). Overall
species richness (biodiversity) was not impacted by harvesting, but it did have an impact on a several
individual species. Hand harvesting led to increases in Fucus vesiculosus and ephemeral algae with no
significant impact on other flora. Hand-harvesting also resulted in a significant decrease in periwinkles
(Littorina obtusata) over the winter, and a reduction in total encrusting sessile fauna (such as
bryazoans and sponges). However, there was a corresponding increase in periwinkles in adjacent
control sites, suggesting they disperse to nearby habitat. In addition, the regrowth of Ascophyllum
within 1-year is likely to restore the habitat needs of young fish (Kelly et al. 2001). The results suggest
that mechanical harvesting (which removes less of the Ascophyllum) has less of an environmental
impact than hand harvesting at a local scale, and no long-term effects on biodiversity were observed
for either harvesting method (Kelly et al. 2001).
In Maine, USA, Ascophyllum is harvested both by hand (using a rake or knife) and mechanically via a
‘cutting’ vessel. Regulations stipulate that 40.6 cm (16 inches) of the plant, including the holdfast, must
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remain intact, and that no more than 17% of the standing stock may be harvested (Phillippi et al.
2014). In addition, an area is generally left to recover for 5 years or more after harvest. Controlled
experiments found that smaller invertebrates and sediment were mostly unaffected by commercial
harvesting of Ascophyllum, and the abundance of mobile megafauna (such as crabs), did not change
significantly after harvesting. However, when Ascophyllum were experimentally hand-cut to a height
of 20cm (more common cutting height elsewhere in the world), there was a significant reduction in
mobile megafauna (crabs) associated with the weed (Phillippi et al. 2014).
In terms of the impacts of harvesting to fish, there is relatively little information available. A study
conducted in Nova Scotia provided no evidence of adverse effects on fish following the experimental
cutting of Ascophyllum, in which 100% of the canopy was removed from 400m2 patches (Black and
Miller 1991). However, the study only focused on fish greater than 25 mm length, which move into
the intertidal zone in the early evening and morning (Black and Miller 1991, 1994).

3.2.3 Impacts to habitat functionality and ecosystem services, including socio-economic
considerations (Indirect effects):
Until recently, the majority of studies on the impact of seaweed harvesting focused mostly on the
resource itself and direct impacts to associated fauna. However, with the advent of the ecosystembased approach to managing fisheries, scientists have started to explore and document the wider
reaching impacts of harvesting seaweed and how they can be mitigated. Wider impacts of harvesting
on ecosystem services potentially include, but are not limited to; reduced wave attenuation and
increased coastal erosion, overall lowering secondary production of coastal food webs, lower diversity
of trophic linkages and therefore reduced ecosystem resilience (Orr 2013), reduced nutrient cycling,
reduced connectivity between habitats, and a reduction in tourism value of the coastline (e.g. for
diving, snorkelling and kayaking). However, there is little empirical evidence/data of these ecosystem
impacts as they are difficult to quantify.
Organic matter from storm-cast kelp is an important food subsidy in adjacent nearshore food webs
(Bustamante and Branch 1996; Krumhansl and Scheibling 2012). A reduction in beach-cast seaweed
(e.g. due to large-scale kelp harvesting) could weaken the links between kelp forests and the other
ecosystems that depend on macroalgal detritus as a food subsidy, ultimately reducing ecosystem
functioning of the entire nearshore (Orr, 2013). In addition, seaweed decaying on beaches or on the
seabed is broken down and re-mineralized (e.g. by microbial activity and invertebrate grazers), and
the nutrients are exported to the nearshore environment (Revell et al. 2011). The process of nutrient
recycling is broadly recognized as being essential in maintaining ecosystem functioning, by facilitating
the growth of primary producers such as phytoplankton and kelp (Soares et al. 1997; Raffaelli 2006;
Bulling et al. 2010).
Lotze et al 2019 summarised the ecosystem roles of canopy forming seaweeds, and how Ecosystem
Based Management (EBM) strategies could be applied to mitigate the impact of seaweed harvesting.
As described in the previous sections, harvesting canopy-forming seaweed can alter the age structure,
morphology, standing stock and species composition of the canopy, which in turn effects their
ecological role in the marine ecosystem. However, strict management of harvesting can limit the
ecosystem impacts, for example through use of harvest quotas, gear restrictions, spatial management,
seasonal closures, no-take zones and limits on by-catch (holdfast removal), as can be seen in Table 6.
3.2.3.1

ECOSYSTEM BASED MANAGEMENT TOOLS THAT CAN BE USED TO MITIGATE THE IMPACTS OF HARVESTING
(Lotze et al. 2019):
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•
•
•
•
•
•
•
•

Harvest limits (quota);
Cutting methods (height / spacing / plant size);
Gear restrictions;
Seasonal closures (e.g. during peak seaweed growth /reproductive times, or during
breeding/nursery periods of associated marine life);
Spatial management (e.g. area limits, rotations, exclusions);
By-catch limits (e.g. for holdfasts / epiphytes and vulnerable species);
No-take protected areas (for refuge of associated fauna, and as a reference)
Community co-management (governance)

The overall goal of Ecosystem Based Management is to ensure a ‘healthy productive and diverse
marine ecosystem’ (Pikitch et al. 2004), which can be broken down into 5 key aims as shown in Table
6. Specific harvesting goals can be set in order to maintain ecosystem services provided by canopy
forming seaweed (e.g. aim to maintain canopy biomass, maintain habitat structure for associated
species etc). Various management measures/tools can be used to achieve these EBM goals, which are
outlined in Table 6.

TABLE 6: KEY AIMS OF E COSYSTEMS BASED MANAGEMENT , CORRESPONDING SEAWEED HARVESTING GOALS AND MANAGEMENT
MEASURES THAT CAN BE APPLIED TO ACHIEVE THESE GOALS .
(i)

Key aim of EBM
Maintain ecosystem
characteristics to protect
non-target species,
vulnerable species, habitats
and trophic interactions

-

-

(ii)

Protect essential habitats to
sustain species diversity and
abundance

-

Harvesting Goals
Maintain high canopy biomass
(standing stock)
Maintain connectivity between
canopies
Allow for rapid frond regrowth
and canopy regeneration after
harvesting
Maintain primary and secondary
production of seaweed canopy,
as well as continued carbon
storage, nutrient cycling and
shore protection

Minimize disruptions to the
three-dimensional canopy
structure, habitat architecture
and connectivity

-

-

-

-

(iii)

Protect endangered,
threatened (PET) and
vulnerable species

-

-

Meet the species needs for
settlement, food, growth,
reproduction, and shelter
Consider both the direct and
indirect effects of harvesting on
habitat availability, structure and
connectivity, food production,
and detritus production to
required to support remote food

-

Management measures
Harvest limits (quotas) to restrict
biomass removal
Regulations on cutting height &
spacing
Limits on holdfast removal
Seasonal closures during peak
seaweed growth /reproduction
Spatial management (including
area rotations) to ensure
recovery time is sufficient
No-take zones to support
recolonization, and monitor
ecosystem changes and use as a
baseline/control sites.
Harvest limits (quotas)
Gear regulations prohibiting
mechanical ‘clear cutting’
Limits on holdfast removal
Regulations on cutting height &
spacing
Closed seasons during breeding
times of associates species (e.g.
during seabird breeding, herring
spawning, pollock nursery times)
No-take zones to serve as yearround refuges for associated
species
Harvest quotas
Gear restrictions to avoid habitat
destruction and fragmentation
Cutting methods to maintain
canopy structure
Seasonal closures to protect
reproductive and feeding
behaviour of vulnerable species
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Key aim of EBM

Harvesting Goals
webs (e.g. beach cast seaweed
that supports birds).

-

(iv)

Reduce bycatch and
discards, and eliminate
destructive and unselective
methods of exploitation

-

(v)

Manage target species in
the context of the overall
state of the ecosystem,
habitat, protected species
and non-target species

-

Use the least habitat-destructive
and frond-damaging gear
Employ most selective methods
for cutting fronds
Avoid damage or removal of
holdfasts (to support regrowth
and maintain diversity)
Develop management plans that
consider a range of abiotic, biotic
and anthropogenic factors in
coastal ecosystems, including
changing environmental
conditions due to climate
change.

-

-

-

-

Management measures
No-take zones to provide yearround refuges
Spatial management to ensure
connectivity between habitat
patches and along migration
routes
Gear restrictions
Limitation on holdfast removal

No-take protected areas to be
used as reference sites for
environmental change, and
ensure connectivity between
different habitats (e.g. kelp and
reefs)
Community co-management to
balance traditional user rights
with industrial interests
Stakeholder engagement to
mitigate conflicts
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4 Ecosystem impacts of seaweed cultivation
Summary Points:
• There is minimal commercial cultivation of seaweed in the UK at present, but several trails
have been conducted (or are underway) for farming kelp and other seaweeds in Scotland.
• Kelp farming generally includes the following stages: spore collection (from wild
populations); hatchery growth of sporophytes; deployment of ‘juvenile kelp’ to sea longlines, and; harvesting.
• Growth rates and yield vary according to a number of factors, including; location of the
farm (latitude, water quality, light etc); time of deployment and harvesting, and presence
of grazers. In Shetland yields ranged from 3.06 - 3.75 kg per meter longline for Laminaria
digitata and 10.41 - 10.62kg per meter longline for Alaria esculenta.
• Kelp farms can be situated alongside fish farms to remove excess nutrients and as part of
Integrated Multi Trophic Aquaculture (IMTA). This can in-turn enhance kelp growth rates.
• Positive impacts of kelp farming could include; provision of jobs, provision of new habitat
(e.g. for fish), mitigation of climate change (through carbon fixation), water remediation
(absorption of nutrients and pollutants), and coastal protection.
• Potential negative impacts/risks of kelp farming include; marine mammal entanglements,
shading of the seabed, changes in water flow and sediment settlement, enrichment of
organic matter under the farm, impact to wild kelp through harvesting reproductive tissue
(for cultivation), risks associated with spreading non-native species, parasites and disease;
excessive removal of nutrients and trace elements; conflicts with other users of marine
space.
• Space is likely to constraint large-scale commercial development of the industry in
Scotland’s inshore waters
• A small farm on its own is unlikely to have a negative impact on the environment, but a
very large farm or several small farms next to each other could have a more significant
impact
• Overall, seaweed farming has great potential but is in very early development stages and
required significant investment and R&D to allow for kelp farming at economically-feasible
scales

Seaweed has been intensively cultivated for food in Asia for centuries, but global seaweed farming
has rapidly intensified in recent years and has expanded to regions in South America (Chile), Europe
and North America. In addition, seaweed cultivation is now seen as an important component of
Integrated Multitrophic Aquaculture (IMTA) in many countries around the world. Approximately 30
million tonnes of seaweed were farmed globally in 2016 (Grebe et al. 2019), of which around 27%
were kelp species (ca. 30 genera of the order Laminariales) (Grebe et al. 2019). America and Europe’s
production of farmed kelp was only equivalent to 1.5% of global gross production in 2014, but is
considered a ‘speciality product’ that fetches higher process than kelp farmed in Asia (Grebe et al.
2019).
In this report the focus is only on impacts of kelp farming rather than seaweed cultivation more
generally. No large-scale commercial kelp farming has taken place in UK waters to date, although
several enterprises have recently commenced. British and Irish researchers have been trialling
methods of growing seaweeds since the 1980s and seaweed farming is seen as an ‘emerging industry’
(Rolin et al. 2016). Two recent research examples include “The Shetland Seaweed Growers Project”,
and the two Scottish Association for Marine Science (SAMS) experimental seaweed farms located on
the west coast of Scotland (https://www.sams.ac.uk/facilities/seaweed-farms/). The SAMS Seaweed
project has two experimental growing sites, the Kerrera farm and the Port a’ Bhuiltin farm off the
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island of Lismore, the latter of which is the largest experimental seaweed farm in the UK (30 hectares
capable of holding 24 x 100m longlines). The focus is on cultivation of Alaria esculenta, Saccharina
latissima, Laminaria hyperborea, Palmaria palmata and Ulva. The Shetland Seaweed Growers project
successfully cultivated the kelp species Laminaria digitata and Alaria esculenta on longlines at two
sea-sites, and crops of wild Saccharina latissima that naturally settled on unseeded sea-lines were also
harvested during the project. Nascent kelp farming enterprises are also underway in England (e.g.
Yorkshire, Cornwall) and Northern Ireland (e.g. Country Antrim).

4.1 How is kelp ‘farmed’?
The cultivation or ‘farming’ of kelp in the ocean typically takes place in the following (simplified) stages
(Rolin et al. 2016; Grebe et al. 2019):
•

•
•

•

SPORE COLLECTION: Reproductive tissue is collected from mature kelp and stimulated to
release spores in aquarium ‘hatchery’, which then develop into ‘gametophytes. Lines of rope
can also be placed in wild kelp forests during their reproductive season, onto which
gametophytes may settle (indirect seeding).
HATCHERY GROWTH : kelp gametophytes settle onto (or are sprayed onto) ‘seed lines’ and, once
the eggs are fertilized by sperm, juvenile kelp grow on the seed lines. Young kelp grow in
aquarium until they reach specific size for transplant (e.g. 2-10 mm)
DEPLOYMENT TO SEA LINES : After several months’ cultivation in aquaria, juvenile kelp are
transferred to longlines at sea, where they continue to grow in natural light conditions and
with available nutrients. Optimal deployment of kelp species is generally October – January,
and may vary between sites and regions. The earlier young kelp are deployed, the longer the
growing season. However, if put out to sea too early then fouling may result if plankton are
still abundant (Rolin et al. 2016). Longlines vary in length, but are typically submerged 2 – 2.5m
below the water surface to protect them from wave action and boat travel. The structure is
visible from the surface via floats (buoys) attached to the longlines. Once deployed at sea,
seaweeds don’t require artificial fertilizers or pesticides.
HARVESTING : Optimal harvesting times vary from region to region and across latitudinal
gradients, with higher latitudes seemingly being able to harvest later into the summer
(Shetland report). The lines laden with kelp can be lifted out the water by winch (e.g. by
workboats from local mussel and salmon farmers), and then seaweed cut off the lines by hand.

YIELDS OF FARMED KELP : The biomass that can be cultivated from seaweed farms varies according to
species, specific nutrient and water conditions at the site, latitude/longitude and time of harvest
(among other factors). At experimental sites in Shetland, yields ranged from 3.06 - 3.75 kg per meter
longline for Laminaria digitata and 10.41 - 10.62kg per meter longline for Alaria esculenta harvested
in June/July, but there was large natural variation in seaweed growth, both within and between sites.
When grown alongside salmon farms as part of “Integrated multi-trophic aquaculture (IMTA)”,
seaweed growth can be enhanced by using excess nitrogen in the water (that was is released from
salmon farming process). In a trial in Norway, Saccharina latissama was cultivated various distances
from a salmon farm, and results found that IMTA could enhance kelp growth by 60%, and a 25ha kelp
farm could remove 12% of the ammonia released from salmon farming and yield a 1125 tonnes fresh
weight of kelp (Fossberg et al. 2018). Model estimates suggest that an area of approximately 220 ha−1
would be needed to cultivate enough kelp to fix an equivalent of the nitrogen released by the salmon
(Fossberg et al. 2018).
The choice of kelp species to be farmed and the location of the farm site are critical factors that
determine the feasibility of kelp farming and the potential yield of biomass. For example,
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requirements for temperature, light, water motion, nutrients and salinity differ considerably between
the kelps Laminaria digitata, Saccharina latissima and Sacchoriza polyschides, so that the location of
any farm would need to be species-specific and may not be viable for multi-species cultures (Kerrission
et al 2015). Actual growth rates of cultivated kelps are extremely variable and will be influenced by
many factors including: choice of species, environmental conditions, seeding technique, grow-out
density, harvesting strategy, timings of seeding, grow-out and harvesting, effects of grazers and
encrusting organisms. No studies to date have explicitly compared growth rates of cultivated kelps
with rates exhibited by nearby natural populations.

FIGURE 1: NAFC MARINE CENTRES SEAWEED CULTIVATION SITE, SHETLAND SHOWING 2 X 80M LONGLINES AND SCHEMATIC DIAGRAM. TAKEN FROM “THE
SHETLAND SEAWEED GROWERS PROJECT” (Rolin et al. 2016)

4.2 Positive versus negative impacts of kelp farming
Kelp farming in UK and Europe is still in very early stages and there are several issues concerning the
design and placement of farm structures, biofouling by bryozoans/amphipods/other fauna (Lüning
and Mortensen 2015; Rolin et al. 2017; Walls et al. 2017) and seeding/harvest techniques that are
hindering development of the industry. The impact and feasibility of kelp farming can be both positive
and negative, and depends on many factors including site selection, scale of the farm(s) and choice of
species (Kerrison et al. 2015; Peteiro et al. 2016).
SUMMARY OF POTENTIAL POSITIVE IMPACTS OF KELP FARMING :
•

SOCIO-ECONOMIC BENEFITS: seaweed farming has the potential to generate a range of new jobs
and income streams for coastal communities (Rolin et al. 2016), although there is limited
information available on the cost of establishing a full-scale commercial farm and potential
revenues that could be derived;
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•

•

•

•

PROVISION OF ‘NEW’ HABITAT: kelp farms are an attractive habitat for fish and small mobile
species (albeit temporary), which may in turn attract other marine predators such mammals
and birds (Hasselström et al. 2018). However, there is little understanding of how harvesting
at the end of the season (and removal of the kelp ‘canopy’) influences the marine life
aggregated around the farms (Wood et al. 2017).
MITIGATION OF CLIMATE CHANGE : Seaweed utilize CO2 as they grow, and can sequester carbon
when dead seaweed sinks to the deep sea or when the faecal pellets of their grazers sink.
Seaweed also leach dissolved organic carbon (DOC) into the sea, some of which is non-reactive
(recalcitrant DOC) that is stored in the oceanic carbon pool for thousands of years (Hansell et
al. 2009; Hansell 2013). Therefore, cultivation of seaweed could potentially be used to
enhance long-term carbon storage in the ocean and help mitigate climate change. However,
much of the carbon removed from the water column by kelp will later be released (as CO2)
when the kelp biomass is processed into other products (Hasselström et al. 2018). In addition,
CO2 may be released if fossil fuels are relied on to run/operate the kelp farm (e.g. to operate
harvesting equipment and aquaria).
WATER REMEDIATION : Kelp farms may be used to absorb nutrients and pollution in nutrientenriched areas (e.g. due to agricultural/urban runoff), and as part of Integrated Multitrophic
Aquaculture (IMTA) when situated alongside fish farms and thereby reduce the negative
impacts of aquaculture (Sanderson 2006; Marinho et al. 2015; Fossberg et al. 2018). However,
uptake of pollutants complicates the use of seaweed as a food product (Wood et al. 2017).
COASTAL PROTECTION : kelp suspended in the water column can absorb wave energy and alter
water flow and sedimentation patterns, therefore they could theoretically be used to reduce
erosion of the coastline (Wood et al. 2017), although this is remains to be tested.

There are very few studies on negative impacts of seaweed farming, but intuitively any large-scale
structure would have a footprint and alter physical and biological conditions to some extent. Wood et
al. (2017) suggest that a small farm on its own is likely to have negligible impact on the environment,
but a very large farm or multiple small farms next to each other could have a more significant impact
(Wood et al. 2017). In addition, one of the only ecological impact studies conducted in the UK to date
found that a kelp farm in Ireland had little impact on benthic community structure and eelgrass
(zostera marina) underneath the farm, and that impacts of seaweed farming are relatively benign
compared to other aquaculture industries (Walls et al. 2017).
Several reviews of kelp farming impacts exist out-with the UK, which can be drawn upon for
highlighting potential risks. For example, Grebe et al. ( 2019) reviewed the potential impacts of kelp
aquaculture in Maine, USA, for the sugar kelp Saccharina latissima and Alaria esculenta, both of which
have been experimentally cultivated in the Scotland. And the impacts of seaweed cultivation on
ecosystem services were studied in Sweden by Hasselstrom et al. (2018). The potential negative
impacts associated kelp farming are listed below, as summarised from a number of publications (Reith
et al. 2012; Wood et al. 2017; Hasselström et al. 2018; Grebe et al. 2019).

SUMMARY OF POTENTIAL NEGATIVE IMPACTS OF KELP FARMING :
•

•

ENTANGLEMENTS: Possibility of marine mammal entanglement in longlines and mooring
systems, which would be expected to increase with scale of farms, and if farms moved
offshore. However, there are currently no studies of marine-mammal interactions with
seaweed farms in the UK.
SHADING : Shading of the seabed below farms may reduce growth of benthic, impact primary
production, lead to reduced biodiversity on the seafloor, and therefor impact ecosystem
dynamics at a local scale. However, impacts of shading would be negligible where the seabed
27 | P a g e

•
•
•

•

•

•

•

•

is below the depth that light can penetrate (euphotic zone), and a study in Ireland found no
impact to eelgrass (Walls et al. 2017).
SCOURING: Mooring chain scour can cause a small loss of physical habitat, however the tension
through the longline system keeps the mooring chain and line from rotating.
CHANGES TO WATER FLOW : Changes in water flow, currents and wave energy reaching the shore
are expected around a kelp farm, with knock-on effects to sediment settlement patterns,
however further investigation of extent of changes relative to size of the farm is required.
ORGANIC MATTER (DETRITUS): Particles ‘sloughed’ or dislodged from kelp at farms may lead to
additional organic matter entering the sea and detritus settling on the seafloor, which could
contribute to over-enrichment and de-oxygenation of the seafloor (below the farm), with
associated impacts to benthic life. This would be more of an issue on sites with low water
exchange rates.
IMPACT TO WILD KELP THROUGH ‘SORUS’ HARVESTING : In order to cultivate juvenile kelp for the
seafarms, reproductive tissue (or sorus) must first be harvested from wild kelp. The possible
risk of this practice is that over-harvesting reproductive tissue may impact the natural life cycle
and longevity of wild kelp, however this can be limited by only harvesting part of the
tissue/frond and placing restrictions on the quantity of wild kelp that can be harvested.
SPREAD OF PARASITES AND NON-NATIVE SPECIES TO NEW REGIONS: non-native species and parasites
that are attached to wild kelp may be introduced to the kelp ‘nursery’ / aquaria when they are
harvested for reproductive tissue and spore release. These may unknowingly be introduced
to new locations when lines of juvenile kelp are deployed at sea. Biosecurity planning (and
cleaning processes) need to be put in place to prevent movement on non-native species.
REMOVAL OF NUTRIENTS AND TRACE ELEMENTS : intensive kelp farming in nutrient-poor areas may
have a negative impact on the productivity of the surrounding marine food webs through
removing nutrients and trace elements from the water column, leading to nutrient limitation
(which has occurred in Korea and Japan). However, kelp can also help remove nutrients from
enriched/polluted areas (see positive impacts above).
SPREADING OF DISEASE TO WILD KELP POPULATIONS : intensive seaweed cultivation can result in
the algae being more susceptible to diseases, which can in turn spread to the wild populations.
Examples of diseases that have infected the kelp Saccharina japonica in Asia include ‘rot
disease’, ‘twisting disease’, ‘blister disease’, ‘stipe blotch’ and ‘dark spot’ disease, although it
remains uncertain whether these diseases pose a threat in Europe.
CONFLICT WITH OTHER USERS OF MARINE SPACE : Establishment of new seaweed farms may also
result in conflict with other sea users, such as shipping, fisheries, recreation, marine reserves
and the military.

Despite the long list of potential negative impacts above, a study in Sweden on ecosystem services of
kelp farming concluded that it may have overall positive (or no) effects on several provisioning and
regulating services at a large spatial scale, but some negative impacts on cultural services at a more
local scale (Hasselström et al. 2018). In addition, a recent publication on the environmental
considerations of seaweed aquaculture in the UK suggests that population-level impacts to marine
ecosystems are unlikely to result from seaweed farming (Wood et al. 2017). Overall, the cultivation
approach has great potential but is in very early development stages and required significant
investment and R&D to allow for kelp farming at economically-feasible scales. Intuitively, ecological
impacts of cultivation could be much lower than harvesting and management approaches more
coherent and refined.
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5 Exploring how relative impacts vary according to species, harvesting
technique, cultivation method and scale.
Summary Points:
•
•
•
•

•

•

•

•

The relative ‘impact’ of seaweed harvesting is a product of the management plan in place (or
lack of), as well as the extent to which the fishery is regulated.
Establishing a cross-sectoral cooperation between regulators, industry, researchers and
environmental interests is essential to formation of effective seaweed management plans.
It is important to implement a management plan and regulations for seaweed harvesting
before communities become economically reliant on unsustainable practices.
Norway has developed a model for sustainable harvest of Laminaria hyperborea (via
mechanical trawl), with fallow periods, seasonal and spatial restrictions for harvesting, and
allowance for area-based closures if/when required (e.g. if urchin grazing is a threat, or if kelp
standing stock is deemed too low). In addition, there is a strong monitoring program in place.
In Brittany, France, Laminaria digitata is mechanically harvested via a ‘scoubidou’, and the
standing stock has remained fairly stable for decades, but landings have declined as a result of
changes in the number and types of vessel operating. The fishery is restricted via quota (per
vessel), effort control (days at sea limited by per week), seasonal restrictions (to protect
growth/ reproduction), and spatial management to facilitate even exploitation of resource.
Ascophyllum nodosum is harvested by hand and mechanically with shallow-draft cutting
vessels (e.g. paddle boats) in a number of countries, including Scotland. Cutting practices and
regulations vary according to country and fallow periods are generally used to allow recovery
of stock before re-harvest.
Very few controlled studies compare the impact of different harvesting techniques according
to species, so it is difficult to draw conclusions about which method has a greater or lesser
impact. The limited information is summarised below:
- Ascophyllum: when cutting height and biomass is not regulated then mechanical
harvesting (which generally removes less of the canopy) can have less of an environmental
impact than hand harvesting at a local scale. When cutting height is regulated (e.g. in
Maine, USA), there is no evidence of difference in impact between mechanical and handharvest.
- Laminaria digitata: a study comparing hand harvesting of L. Hyperborea with scoubidou
extraction in Brittany found no difference in recovery times after harvest.
- Laminaria hyperborea: no literature was available comparing mechanical harvest (e.g.
with seaweed trawl) to other forms of harvesting. Due to depth that this species occurs it
is not commonly harvested by hand.
In terms of wider ecosystem impacts, there is no literature that explicitly compares impacts of
one technique versus another. However, for each technique ecosystem impacts can be
mitigated by applying appropriate management measures (see pg 21, section 3.2.3.1).

Commercial seaweed harvesters use a range of methods, which have different catch per unit effort
and consequences for the seaweed and associated marine life (Kelly et al. 2001). The magnitude of
the impact will depend on the intensity and frequency of harvest, species exploited, and local
environmental conditions (Mac Monagail et al. 2017). Unregulated harvesting, whether it be my hand
or mechanical means can lead to the overexploitation of the resource, especially if harvesting practices
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do not allow for regeneration of the seaweed canopy/bed. Well structured management plans can
help mitigate the impacts of harvesting and ensure sustainability of the resource, especially when
developed in collaboration with scientists, nature conservation authorities and harvesters (Mac
Monagail et al. 2017). Tools that can be used to manage harvesting include licences, quotas and
rotation systems – also see page 21, section 3.2.3.1 ( Baweja et al., 2016 In Mac Monagail et al. 2017),
which would require enforcement (Mac Monagail et al. 2017). Continual monitoring of the resource
and associated marine life, and feedback into the management plan are also essential components of
sustainable harvesting strategies.
Even with the most robust seaweed management plan in place, there may still be wider impacts to
marine ecosystems such as a reduction in habitat available for other species (e.g. invertebrates and
fish) or reduction in detrital material entering coastal food webs. Ecosystem-based management could
be used to design harvest strategies that are ecologically sustainable, and food-web modelling (e.g.
with software Ecopath and Ecosim) is a tool that can be used to predict the ecosystem impacts of
various harvest scenarios (Ortiz 2008, 2010b). As with the exploitation of any marine resource, the
ecosystem impacts need to be measured against the socio-economic benefits of harvesting to local
communities. Management measures that can be used to reduce ecosystem impacts are listed on
page 21 (section 3.2.3.1).

5.1 Manual harvesting
5.1.1 HAND-CUTTING OR PICKING :
Knives and hand-held cutting implements known a s ‘sickles’ and scythes are used in a number of
countries (including Scotland and Ireland) for cutting live intertidal seaweeds such as Pulmaria
Palmata, Ascophyllum and Himanthalia elongata (thongweed or sea spaghetti). In Scotland,
commercial hand-harvesting of Ascophyllum takes place in the Outer Hebrides by the company
Hebridean Seaweed Company. Harvesters cut the seaweed 12 inches (30 cm) from the base, and then
leave the bed to regenerate for 3-4 years before returning, with individual cutters managing their own
cutting areas. The company also uses a mechanical harvesting in some areas, and advice regarding
sustainability of harvesting and maximum yields is obtained from Scottish Natural Heritage and
scientists (Burrows et al. 2010).
Harvesting locations may be limited by tides and to areas that can be accessed by foot, among other
factors (such as weather). Although collecting seaweed by hand seems like a relatively benign method,
it can result in localised depletion of some stocks if not managed or regulated. For example, seaspaghetti which is a popular/fashionable food has reduced in abundance in some areas of France and
Portugal where harvesting (which is unregulated) increased 35% between 2009 and 2013 (Mac
Monagail et al. 2017).

5.1.2 BOAT AND RAKE HARVESTING ( BY HAND):
This method is used for harvesting 3 types of seaweed in the Canadian Maritimes, namely rockweed
(Ascophyllum), kelp and Irish moss. It is also used for harvesting intertidal seaweed in Maine, USA.
Raking typically takes place from an open-hull boat, which is manoeuvred to access the seaweed beds
at mid-to-high tide. The rake has a long handle and specially designed steel cutting head, and is
lowered over the side of the boat by hand, then pulled through the floating seaweed canopy (Mac
Monagail et al. 2017). Large clumps of seaweed are removed from the top of the canopy, generally
leaving behind the meristematic tissue that is found near the base of the seaweed, and this allows for
regrowth. Using this method, rockweed rake harvesters can land between 3 to 5 tons of rockweed per
tide (Mac Monagail et al. 2017).
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In the Canadian Maritimes (Nova Scotia, New Brunswick and Prince Edward Islands) a precautionary
approach to seaweed harvesting has been adopted to minimise impact to the resource and associated
marine life. The use of mechanical suction dredges was banned in 1994 due to concerns of
overexploitation, and the industry completely reverted to manual boat-and-rake (Mac Monagail et
al. 2017). Management measures for seaweed harvesting in the Canadian Maritimes include
stipulating maximum exploitation rates, cutting height, gear restrictions, and defined protected areas.
In addition, a monitoring program was put in place involving universities, industry and government
regulators to assess the impacts of harvesting, and found there is little evidence of long-term impact
to Ascophyllum habitat (Mac Monagail et al. 2017). However, long-term extensive raking of Irish moss
on Prince Edward islands as led to a decline in the species and gradual replacement with Furcellaria
lumbricalis (Sharp 2006 In Mac Monagail et al. 2017).
In Maine, USA, Ascophyllum is harvested both by hand (using a rake or knife) and mechanically via a
‘cutting’ vessel. Regulations stipulate that 40.6 cm (16 inches) of the plant, including the holdfast, must
remain intact, and that no more than 17% of the standing stock may be harvested (Phillippi et al. 2014)
. In addition, an area is generally left to recover for 5 years or more after harvest. Experimental studies
found that commercial harvesting under these regulations has no significant impact on smaller
invertebrates, mobile megafauna (e.g. crabs) and sediments (Phillippi et al. 2014).

Figure 2: Harvest of rockweed with in Maine, USA with a hand-rake from a 4-5 ton boat (left), and sharpening the blade of
an upside down hand rake (right). Images taken from Maine Department of Marine Resources, Fisheries Management Plan
for Rockweed (2014).

5.2 Mechanical harvesting
Several North Atlantic countries have mechanically harvested seaweeds for decades, including
Iceland, Norway, Brittany and Maine, USA (Mac Monagail et al. 2017). However, since registration of
the Natura 2000 sites in Europe, mechanical harvesting has been more restricted, for example in
Basque country and Ireland as it may impact the conservation status of sites (Mac Monagail et al.
2017). The method of mechanical harvest tends to be specific to the species, as different vessels and
equipment are generally required to access seaweed at different depths.

5.2.1 ‘MOWING’ OF ASCOPHYLLUM WITH SHALLOW -DRAFT BOATS :
Several countries, including Iceland, Maine (USA), Norway and Scotland (The Hebridean Seaweed
Company) use mechanical cutting boats for cutting Ascophyllum. A variety of designs exists for these
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vessels, including paddlewheel and water-jet driven cutters, as well as suction cutters (Figure 3). The
shallow-draft vessels usually work close to the shore at high tide, and cut or ‘mow’ the top of the weed
as it floats. The remaining uncut plant is still attached to the rocks. In the Western Isles, The Hebridean
Seaweed Company then offloads the seaweed to a small boat which transports the weed to a lorry. A
proportion of the companies landing also come from hand-harvest of rockweed (see 5.1.1). Cutting
only the tops of the Ascophyllum plants with the vessels allows for fairly rapid regrowth (See section
3.2.1 – recovery time is longer if less of the plant remains intact). In general, harvest rotations of 3-6
years are utilised to ensure full recovery of the canopy (varies by country and harvester), with the
longer fallow periods allowing for greater restoration of associated marine life. It is not possible to
harvest kelp blades with these types of vessels, as kelp grows at greater depths (Burrows et al. 2018).
In Norway, mechanical harvest of foreshore algae such as Ascophyllum nodosum is not regulated at
the statutory/national level, but is regulated by private owner rights because the species occur in the
intertidal zone. In general, ~10cm of the plant remains intact after mechanical cutting, local harvesting
efficiency is ~60% and a fallow period of 4-6 years is used to allow recovery. In addition,
environmental protection laws and other regulations can restrict areas for harvesting (Netalgae
2012). In Maine, USA, the same regulations apply for mechanical harvest as for hand-harvest of
Ascophyllum, i.e. 40.6 cm (16 inches) of the plant, including the holdfast, must remain intact, and that
no more than 17% of the standing stock may be harvested (Phillippi et al. 2014), with a follow period
of about 5 years before re-harvest. There are no statutory regulations pertaining to mechanical
harvest of Ascophyllum in Scotland, however the Hebridean Seaweed Company receives advice
regarding sustainability from Scottish Natural Heritage and the Scottish Environmental Protection
Agency.
The impacts of Ascophyllum harvesting are detailed in section 3.2, with one study in particular
comparing the impacts of mechanical versus hand harvesting in Ireland (Kelly et al. 2001). The results
suggest that mechanical harvesting (which removes less of the plant) has less of an environmental
impact than hand harvesting at a local scale, and no long-term effects on biodiversity were observed
for either harvesting method. In addition, a study in Maine, USA, found no impact to associated
invertebrate life and sediment composition after commercial harvesting (Phillippi et al. 2014). Impact
to fish life is less well understood, but available literature suggests little or no long-term impact due
to commercial harvesting practice (See section 3.2.2). No recent peer-reviewed literature on
mechanical harvest of Ascophyllum in Iceland could be found, and it is not clear how the fishery is
managed.

Figure 3: Mechanical rockweed (Ascophyllum nodosum) cutters used in Maine, USA (left – from the Maine Department of
Marine Resources 2014) and the Outer Hebrides (right). The cutting boats strim the tops of the rockweed at high tide, leaving
the holdfast and lower part of the seaweed intact.
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5.2.2 NORWEGIAN ‘SEAWEED-TRAWLER’ (LAMINARIA HYPERBOREA ):
Norway launched the first purpose-build boat for seaweed harvesting in 1969, known as the ‘seaweedtrawler’, and by 2017 eleven sea trawlers were in operation harvesting 130 000 – 180 000 tons of
seaweed annually depending on market demand (Vea and Ask 2011; Mac Monagail et al. 2017). The
sea-trawler can operate in shallow water (2 – 20 m), and has a harvesting capacity of 50-150 tons per
day (trip), depending on the capacity of the trawler (Vea and Ask 2011; Mac Monagail et al. 2017). The
harvesting vessel lowers a toothed trawl into the canopy, which removes whole plants, including the
holdfasts, but leaves small juvenile kelp intact especially those <20cm high (Vea and Ask 2011). Each
drag of the trawl lasts approximately 2 minutes and removes >1 ton of fresh kelp (Vea and Ask 2011).
The seaweed trawler does not physically penetrate the underlying rocky substrate, and leaving the
juvenile kelp intact facilitates the regrowth of the kelp canopy. In 1995, France also started using the
Norwegian seaweed trawler for exploiting resources of L. hyperborea, and applies similar
management measures to those used in Norway. In addition, French harvesters used a Scoubidou to
exploit Laminaria digitata (see below).
In Norway a 5-year rotational cycle is implemented for mechanical harvest of kelp, whereby harvest
‘fields’ are divided into 5 zones (A, B, C, D and E), and kelp is harvested from one zone each year. A
long-term Seaweed Management Plan for seaweed has been developed by a ‘Management
Committee’, which is appointed by the Norwegian Ministry of Fisheries to ensure sustainability of the
industry (Vea and Ask 2011). Members of the Committee include regulators, seaweed industry
representatives, nature conservation authorities, fishermen’s associations and marine research
institutes. The Seaweed Management Plan is advice to the Ministry of Fisheries, and additional
regulations are implemented as a result of the plan. The Management of seaweed harvesting in
Norway also aligns with laws relating to protected areas and coastal zone management, for example
harvesting is restricted/prohibited in some marine protected areas or when seabirds are breeding
(Vea and Ask 2011).

Figure 4: Image of Norwegian kelp trawler in operation,
harvesting Laminaria hyperborea. Taken from Vea and
Ask 2011.

In addition to the Seaweed Management Plan,
annual harvesting plans are developed for each
‘zone’ in each ‘field’ based on surveys of standing
stocks (using echo sounders), and volume
required to ensure steady supply of material to
processing factories. Harvest levels in each zone
are then set, which take into account
environmental factors such as urchin abundance,
high summer temperatures and storms that may
impact kelp biomass. For example, seaweed
harvesting has been closed in areas where urchin
abundance is increasing, or where warm-water
events have resulted in a die-back of kelp (Vea and
Ask 2011).

In terms of impact of seaweed ‘trawling’, the Seaweed Management Committee previously concluded
that: ‘so far, it is not shown that seaweed harvesting represents unacceptable or irreversible injury on
other organisms or ecosystems’ (Vea and Ask 2011). However, the words ‘unacceptable’ and
‘irreversible’ are open to interpretation. It is evident from scientific literature that there are changes
in kelp canopy structure and associated community after mechanical harvesting (see section 0), and
that the kelp canopy itself can recover after 4-6 years, but it can take more than 6 years for associated
marine life to return to pre-harvest densities and diversity. In addition, long-term repeated harvesting
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of an area every 5-6 years can result in less diverse kelp forest community (see reference in Section
0).

5.2.3 SCOUBIDOU TRAWL (Laminaria digitata and Saccharina polyschides):
The ‘scoubidou trawl’ (Figure 5) has been used for harvesting kelp in Brittany, France, since 1974 and
consists of a sickle-like implement attached to pole that rotates around the fronds to uproot them and
pull kelp aboard the vessel (Mac Monagail et al. 2017). The main target species is Laminaria digitata,
but some Saccharina polyschides is also harvested. The harvesting boats are 8 -12 m long, operate in
depths of 3-5 meters, and are equipped with 1-2 hydraulic scoubidous, each with a loading capacity
of 10 – 20 tonnes (Werner and Kraan 2004). Each lift of the scoubidou lasts about 30 seconds and can
extract ~ 10kg kelp. The method is fairly size-selective and young kelp smaller than 60cm (<2 years
old) are generally left intact, which facilitates regrowth of the canopy (Werner and Kraan 2004). Using
this method, over 30% of L. digitata standing stock in Britany can be harvested in a single year, which
combined with natural losses (e.g. due to storms), can remove up to 50% of the population (Arzel
1998, In Werner and Kraan 2004).
In Brittany, kelp harvesting ‘scoubidou’ vessels usually switch to other forms of fishing after the kelp
harvesting season. This may seem like an attractive option for diversification of fisheries in Scotland,
however Burrows et al. (2018) found that “A comparison of the characteristics of the fishing vessels
used in France for seaweed harvesting with the make-up of the Scottish fishing fleet suggests that only
a very few Scottish vessels would be suitable for conversion to seaweed harvesting”.

Figure 5: Scoubidou used for harvesting Laminaria digitata in Brittany, France

A number of management measures are in place for harvesting Laminaria digitata with the scoubidou
trawl in Brittany, including harvesting quotas (bound to each vessel), and restrictions on the number
of days a week a vessel can operate in the harvesting season, which runs from the middle of May to
mid-October (Werner and Kraan 2004). Less harvesting is permitted at the start of the season (2 days
per week per boat) compared to the end of the season (5 days per week per boat), and this is to limit
impact on Laminaria digitata during its growing and reproductive seasons. In addition, harvesting is
severely restricted in winter and only a few boats still operate to ensure supply of seaweed to
domestic alginate industry (Werner and Kraan 2004). Each harvesting vessel must obtain a licence
from the government, which is linked to the boat and the skipper, is non-transferable, and must be
renewed annually. The coast of Brittany is divided into harvesting areas for L. hyperborea, and
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fishermen are usually allocated to specific areas to balance available resources and fishing effort
(Werner and Kraan 2004). The state of the stock is routinely monitored by government agencies
(several times per year at various location).
There are no statutory ‘fallow periods’ in place for harvesting L. digitata in Brittany due to its fairly
rapid regrowth, so beds are typically re-harvested each year. However concerns about declining
landings resulted in some local harvesters self-managing their fishery, and leaving L. digitata beds to
recover for 1-2 years before re-harvesting (Werner and Kraan 2004). In terms of impact relative to
other forms of harvesting, a study comparing hand harvesting of L. Hyperborea (at low tide) with
scoubidou extraction found no difference in recovery times after harvest (Perez 1969 In Werner and
Kraan 2004). In addition, variation in landings of Laminaria Hyperborea has been attributed to a
change in the size and number of vessels operating rather than a decline in standing stock (Davoult et
al. 2011). That said, it has been advised that leaving stocks to recover for 3 or more years after harvest
would be beneficial to the long-term productivity of the fishery (Werner and Kraan 2004). However,
the economic pressure for harvesters to retain their income, the processors continual demand for
seaweed, and limited access to other kelp beds prevents the introduction of fallow periods (Werner
and Kraan 2004).

5.3 Seaweed cultivation methods and relative impact
The relative impacts of kelp cultivation will be dependent on both scale of farming operations and the
methodological approaches used. Large scale farms, which may be necessary to achieve economic
feasibility, will likely have a greater local ecological footprint, in terms of altering physiochemical
conditions at the farm site and any consequent ecological impacts. Even so, any impacts of the farm
infrastructure on nutrients, light and water motion and consequent effects on benthic or pelagic biota
will be highly localised. Combining kelp farms with cultivation of other organisms in Integrated MultiTrophic Aquaculture (IMTA) systems may alleviate local aquaculture impacts and reduce the net
impact of kelp farming. The methodological approach to cultivation can be refined to minimise the
risk of impact in a number of ways. For example, multiple ‘drop lines’ can be deployed from a single
header line to reduce the overall footprint of a farm, whilst the frequency and timing of seeding and
harvesting farmed kelp can be tailored to minimise impacts on local biota, reduce the risk of
bioinvasion and limit the exchange of genetic material between farmed and natural populations
(Grebe et al). Most of the negative impacts of kelp farming can be negated by careful management,
spatial planning and engagement with local communities (Hasselstrom et al).

5.4 Critical knowledge gaps that hinder evidence-based management
•

•

SEAWEED STANDING STOCK : Models predicting seaweed biomass and distribution could be
improved with more accurate seabed data showing actual area and distribution of
suitable rocky reef habitat in the subtidal around Scotland (however, models are in the
process of being updated – Burrows, pers comm). In addition, accurate measurements of
seaweed standing stock should be conducted in proposed harvesting locations.
RECOVERY RATES: Although rates of recovery of kelp populations and associated
communities have been published in a number of countries where commercial harvesting
takes place, there is considerable variation in the findings, and no data is available for
Scottish kelp forests. In addition, there is little information on how recovery rates vary
under different environmental conditions and after different intensity and scale of
removal.
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•

•

•

•

CLIMATE CHANGE AND NON-NATIVE SPECIES : Interactions between kelp harvesting and other
processes such as the spread of non-native species and climate-driven changes in kelp
distribution and performance. Specifically, if L. hyperborea forests become more
fragmented and disturbed, could it lead to an increased abundance of Saccorhiza
polyschides (as has been observed in France) or facilitate the spread of Undaria pinnatifida
and/or Laminaria ochroleuca into Scotland.
COASTAL DEFENCE : Kelp is recognised as an important form of coastal protection in
Scotland, especially when forests grow adjacent to soft/sandy shores. The effect of kelp
harvesting on hydrodynamics, specifically regarding wave attenuation/buffering and
consequences for coastal protection and erosion warrants further investigation.
WIDER FISHERIES IMPACTS : There is relatively little information on the extent to which
harvesting canopy-forming seaweeds impacts wider fisheries production (e.g. for shellfish
fisheries). Therefore, the links fisheries habitat (provided by kelp) in Scotland and other
stakeholders (i.e. crab fishers) remains a significant knowledge gap.
CARBON STORAGE : Kelps extremely important as fixers and movers of carbon, much of
which may be stored for long periods of time. It is entirely unknown how kelp harvesting
would affect carbon cycling in coastal waters, but intuitively it is likely to reduce total
carbon fixed and donated, at least at local/regional scales.
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7 Appendix:
7.1 Kelp: Biology, growth and reproduction (family Laminariaceae)
BIOLOGY
AND
GROWTH :
Kelps
consists of a brown ‘frond’ (leaf-like
structure also known as the lamina)
and an upright ‘stipe’, which is
attached
to
rocks
by
strong
intertwined
root-like
structures
forming a ‘holdfast’. The meristem
is where the youngest tissue is
found (from which new seaweed
regenerates
/
grows),
and
the
‘thallus’ is the whole body of the
seaweed (

FIGURE 6). Laminaria hyperborea

and Laminaria digitate have longer
and tougher stipes than the other
kelp species, such as than
Saccharina
latissima,
Alaria
esculenta
and
Saccorhiza
polyschides.

FIGURE 6: SCHEMATIC DIAGRAM OF KELP , WITH LAMINARIA HYPERBOREA
ON THE LEFT (WITH BRANCHING DIGITATE FRONDS ), AND SACCHARINA
LATISSIMA (SUGAR KELP ) ON THE RIGHT .

Kelp has a seasonal growth cycle that varies slightly by species (see Table 7) but for Laminaria sp. there
are two growth cycles per year. Growth is slower in summer when the kelp fixes and stores carbon,
and then rapid over winter when nutrient levels are higher and the kelp uses up its stored carbon to
develop new tissue. The old Laminaria fronds are ‘cast off’ each spring, and are regrown over the
following year. This annul cycle of senescence results in large quantities of seaweed being washed up
on the beaches during spring each year.
REPRODUCTION OF KELP : Kelp have two distinct life-stages; one that consists of the visible kelp ‘plant’
that is attached to the seabed, and the other is the microscopic larval stage. Mature kelp reproduces
by releasing male and female ‘zoospores’ from tiny reproductive organs known as ‘sori’ (seen as dark
‘patches’ that appear on kelp fronds or specialised structures called sporophylls). These sori are found
in different locations on the kelp plant depending on species (Werner and Kraan 2004). The zoospores
then settle onto suitable seabed types within 24 hours of entering the water, after which they
germinate and release sperm and eggs, which are then fertilised and develop into the juvenile kelp
plants (Tyler-Walters 2007). For L. hyperborea the reproductive period is reportedly occurs over 6-7
weeks in the winter sometime between September/October to – April (Kain 1960, 1975b; Fredriksen
et al. 1995), but the other kelp species tend to reproduce in the autumn through to the early winter
(Burrows et al. 2018).
WHERE ARE KELP REPRODUCTIVE ‘ORGANS’ AND WHY IS THIS IMPORTANT ? FOR or Laminaria species the
reproductive ‘sori’ are located on the fronds, so if these are removed by harvesting then their
reproductive opportunity will be lost until (or unless) the frond regrows (Werner and Kraan, 2004,
Burrows et al. 2018). For S. polyschides and A. esculenta the reproductive organs are found at the base
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of the stipe, and so the kelps can still reproduce if the fronds are removed but the stipe remains intact
(Werner and Kraan, 2004, Burrows et al. 2018).
The dispersal of kelp spores is of vital importance to the reforestation of barren rock, and
recolonization of kelp after harvesting relies on the transport of zoospores from a nearby kelp
population (Burrows et al. 2018). Kelp zoospores can reportedly travel 10s to 100s of meters from the
parent kelp before they settle onto suitable seabed, with the distance varying depending on species
and local water conditions (Fredriksen et al., 1995). Should kelp harvesting take place (for Laminaria
sp.), then harvested areas should be no more than 100 m away from intact populations of reproducing
adult kelp to allow for recolonization of seabed with young ‘plants’ (Burrows et al. 2018).

7.2 Ascophyllum nodosum, biology, growth and reproduction (family Fucaceae)
BIOLOGY AND GROWTH : Ascophyllum nodosum is a
slow-growing, long-lived intertidal seaweed, with
an estimated lifespan of 50 to 60 years (Seip
1980b; Aberg 1992). It is typically found in
sheltered locations, for example around sea-lochs
and bays. The plants, which typically take 5-8 years
to reach their full size (Seip 1980b; Aberg 1992),
consist of a holdfast, a main shoot, base and lateral
shoots, egg-shaped air bladders and reproductive
receptacles (Sharp 1987), as shown in Figure 7.

Vesicle /
air bladder

Apical tip

Receptacle
Lateral Shoot

Unlike kelp, growth is slowest in the winter (Nov
and Dec), and fastest in the spring (April and May).
The growth rates tend to be slowest at the Primary Shoot
extremes of the tidal range, such that they grow
slower on the lower and upper shores, and fastest Basal Shoot
in the mid-shore (Stengel and Dring 1997). It’s
possible to age Ascophyllum by counting the air
Holdfast
bladders on unbroken fronts, because once a plant
is 2 years old, they produce and airbladder each
FIGURE 7: DIAGRAM OF ASCOPHYLLUM NODOSUM (ADAPTED FROM
year (Stengel and Dring 1997).
SHARP , 1987)

REPRODUCTION: Ascophyllum can either reproduce sexually, or asexually by vegetative propagation
(whereby a new individual develops directly from the ‘parent’ plant). Vegetative propagation is the
most common and important form of reproduction for Ascophyllum, and takes place from the basal
shoots (Aberg 1996). In sexual reproduction, small yellowish receptacles containing gametes develop
in the main shoot, and have a lifespan of about 1 year after which they release gametes into the water.
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TABLE 7: HABITAT AND LIFE HISTORY TRAITS OF KELP SPECIES FOUND IN SCOTLAND.
Species

Common
name
Cuvie

Depth range

Habitat / substrate

1-36 m, occasionally deeper in clear
water
(mid -sublittoral)

Bedrock or hard
substrate

Laminaria
digitata

Tangle,
Oarweed

Upper-mid-sublittoral (1-20 m),
although mainly found in narrow
band around low water, and in rock
pools and often outcompeted by L.
Hyperborea deeper than 3m.

Bedrock or hard
substrate

Saccharina
latissima

Sugar kelp

Upper-mid-sublittoral, less than 30
m

Saccorhiza
polyschides

Furbelows
kelp

Upper-mid-sublittoral (0- 35m)

Alaria
esculenta

Dabberlocks

Upper-mid-sublittoral (0-8 m)

Bedrock, large
boulders and
unstable substrate
(e.g. pebbles and
gravel)
Rock, cobbles,
boulders, loose
stones or shells
Bedrock, cobbles,
pebbles and
boulders

Laminaria
hyperborea

Wave Exposure
preferences
Medium – High.
Not found in extreme
wave action or currents
(stipe breaks) and
absent from sheltered
areas.
Medium – high.

Medium. Grows in
sheltered paces (e.g.
sea lochs)

Medium-high

Growth rate / season

Age at
maturity
2-6 years

Lifespan
(years)
5 - 18

Peak growth in winter
(Feb – July). Slower in
summer (Aug – Jan).
Mean growth rate of 1.3
cm / day during max
growth season
Peak growth: late winter
– spring (1.1 cm / day).
Slower in summer.

18-20
months

3–6

15-20
months

2–5

Peak growth is late
spring. 1.45cm / week

8-14
months

1 – 1.5

Peak grown in winter
(Nov – June), slower in
summer. Growth rate of
0.94 cm / day during
max growth season.

High-very high

Peak growth in spring
8- 14
4–7
(April – May) of 20 cm /
months
month in wild 10cm/day
if cultivated at sea (on
ropes)
The information in the above table was collated from a variety of sources, including from reviews published on the Marine Life Information Network MarLIN (TylerWalters 2007, 2008; White and Marshall 2007; Hill 2008; White 2008) and Burrows et al. (2018)
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