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Abstract: Harvesting wild seaweeds has a long history and 
is still relevant today, even though aquaculture now sup-
plies >96% of global seaweed production. Current wild 
harvests mostly target canopy-forming kelp, rockweed and 
red macroalgae that provide important ecosystem roles, 
including primary production, carbon storage, nutrient 
cycling, habitat provision, biodiversity and fisheries sup-
port. Harvest methods range from selective hand-cutting 
to bottom trawling. Resulting ecosystem impacts depend 
on extraction method and scale, ranging from changes in 
primary production to habitat disruption, fragmentation, 
food-web alterations and bycatch of non-target species. 
Current management often aims for sustainable harvest-
ing in a single-species context, although some agencies 
acknowledge the wider ecosystem structure, functions and 
services seaweeds provide. We outline potential ecosystem-
based management approaches that would help sustain 
productive and diverse seaweed-based ecosystems. These 
include maintaining high canopy biomass, recovery poten-
tial, habitat structure and connectivity, limiting bycatch 
and discards, while incorporating seasonal closures and 
harvest-exclusion zones into spatial management plans. 
Other sustainability considerations concern monitoring, 
enforcement and certification standards, a shift to aquacul-
ture, and addressing cumulative human impacts, invasive 
species and climate change. Our review provides a concise 
overview on how to define and operationalize ecosystem-
based management of seaweed harvesting that can inform 
ongoing management and conservation efforts.

Keywords: canopy structure; community composition; 
ecosystem effects; functions and services; habitat impacts.

Introduction

Over the past decades, there has been increasing recogni-
tion worldwide of the importance of moving towards an 
ecosystem-based management (EBM) approach for marine 
fisheries (Pikitch et  al. 2004, Arkema et  al. 2006, UNEP 
2011, Long et al. 2015). The overall goal of EBM is to sustain 
healthy, productive and diverse marine ecosystems, which 
can support fisheries and human well-being over the long 
term. Generally, EBM should avoid ecosystem degradation 
and irreversible changes to species communities and eco-
system processes. Key objectives include the maintenance 
of ecosystem characteristics, such as biodiversity and 
trophic interactions, the protection of habitats and threat-
ened species, and the reduction of bycatch, destructive 
and unselective fishing. This is particularly important in 
the face of current and future climate change (Worm and 
Lotze 2016). Despite general agreement on overall direc-
tion, there is a variety of definitions of EBM used in policy 
documents and management plans around the world and 
implementation has been slow so far (Pitcher et al. 2009, 
Long et al. 2015).

Developing an EBM approach requires basic knowl-
edge of underlying ecosystem processes to understand 
the likely consequences of exploitation or other human 
activities. The ecosystem effects of fishing have been 
widely studied for marine fish and invertebrates, and 
include the effects of habitat destruction, bycatch, 
overexploitation and food-web alterations on biodiver-
sity and ecosystem stability (e.g. Jennings and Kaiser 
1998, Dayton et  al. 2002, Eddy et  al. 2017). Studies on 
the ecosystem consequences of seaweed harvesting 
are less prominent (Lorentsen et al. 2010, Stagnol et al. 
2013, Krumhansl et  al. 2017, Pérez-Matus et  al. 2017) 
but highlight the importance of kelp forests, rockweed 
beds and other seaweed stands in providing critical 
ecosystem structure, functions and services. As founda-
tion species and ecosystem engineers, many seaweed 
species create complex three-dimensional canopies that 
provide essential habitat and food for a wide range of 
associated fauna and flora, play critical roles in coastal 
carbon and nutrient cycling, primary production, 
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detritus formation  and wave-buffering of shorelines 
(Schmidt et  al. 2011, Krumhansl and Scheibling 2012, 
Arkema et al. 2013, Hyndes et al. 2014, Kay et al. 2016, 
Bustamante et  al. 2017). Direct harvesting often alters 
the structure and functions of these vegetated habi-
tats and the services they provide, depending on the 
methods used, species harvested, and the scale, dura-
tion and frequency of the harvest (Waage-Nielsen et al. 
2003, Seeley and Schlesinger 2012, Stagnol et al. 2016, 
Steen et al. 2016).

In the following, we first provide a brief overview on 
past and current trends in seaweed harvesting, including 
trends in global production, species harvested, countries 
involved, harvest methods, regulatory and management 
approaches. We then review the ecosystem effects of 
seaweed harvesting, from which we derive principles for 
ecosystem-based management of this species group. We 
conclude with considerations for the sustainability of 
seaweed harvesting today and into the future, particularly 
with respect to climate change.

Trends in seaweed harvesting
Throughout history, coastal people have used marine 
macroalgae (seaweeds) and seagrasses for a variety of 
purposes, including food, feed, fertilizer, medicine, 
fibers and insulation (Delaney et  al. 2016, Anis et  al. 
2017). Harvesters either gathered washed-up mate-
rial along shorelines or cut/raked those accessible in 
shallow waters (Mac Monagail et al. 2017). Over the 20th 
century, the direct use of seagrasses has mostly ceased, 
but seaweed production has continued to rise, mostly 
due to the widespread adoption of aquaculture (Figure 
1). Also, the use of seaweeds is now dominated by indus-
trial applications, such as the production of carrageenan, 
alginates, agar, and specialty fertilizer, feed, iodine, and 
substances for the cosmetic, nutrition and pharmaceu-
tical industry (Buschmann et  al. 2017). Another poten-
tial future use of both wild and cultivated seaweeds is 
bioenergy production (Fernand et  al. 2016). Although 
harvesting of wild seaweeds continues in many coastal 
societies (Mac Monagail et al. 2017), wild seaweed stands 
are increasingly recognized for their value in provid-
ing essential ecosystem structure, functions and ser-
vices (Schmidt et al. 2011, Seeley and Schlesinger 2012, 
Arkema et al. 2013, Smale et al. 2013).

In the early 1950s, wild harvesting and aquaculture 
of seaweeds contributed similar amounts to global pro-
duction (~0.5 million mt each), yet their trajectories have 

drastically diverged since then (Figure 1). Wild (capture) 
harvesting surpassed >1 million mt in the late 1960s and 
has fluctuated around this level until today, while aqua-
culture production exponentially increased to >31 million 
mt in 2016 (FAO 2018a,b), contributing 96.5% of total 
seaweed production today. Both wild and aquaculture 
production have been dominated by brown seaweeds, 
although aquaculture of red seaweeds has increased most 
rapidly over time (Figure 1, Table 1).

The wild harvest of brown seaweeds is currently 
dominated by Chile and Norway, red seaweeds by 
Chile and Indonesia, and green seaweeds by India 
(Figure  2). More than 40 countries have reported wild 
harvest of ~30 species or groups to the Food and Agri-
culture Organization (FAO 2018b), but this includes 
large bulk categories of unspecified seaweeds (Table 1) 
and likely underestimates the total number of species 
(Zemke-White and Ohno 1999). For example, harvest-
ing of tropical seaweeds includes hundreds of red, 
green and brown macroalgal species and provides a 
significant food source and income for small coastal 

Figure 1: Shown is the relatively stable trend of wild harvest levels 
compared to the rapid rise in aquaculture production over past 
decades.
Overview of global trends in (A) wild seaweed harvesting (capture 
production) and (B) aquaculture production from 1950 to 2016 
(FAO 2018b). Note the difference in y-axis scales.
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communities, particularly in the Indo-Pacific region 
(Trono  1999, Zemke-White and Ohno 1999, Chennub-
hotla et  al. 2015). This points to reporting issues that 
impair a proper global assessment of species-specific 
harvests and their potential ecosystem consequences 
(Nayar and Bott 2014). Importantly, almost all identi-
fied brown seaweeds represent canopy-forming rock-
weeds (Fucales) or kelps (Laminariales), and most 
red seaweeds belong to the Gigartinales, Gracilariales 
and Gelidiales (Table  1) which also form three-dimen-
sional habitats. Most green seaweeds and miscellane-
ous aquatic plants were not identified by species, and 
only few, such as Codium fragile (Suringar) Hariot, form 
three-dimensional canopies.

Current harvesting methods and 
regulations

The current wild seaweed harvesting methods, regula-
tions and management regimes vary widely across species 
and countries (for detail on country- and species-specific 
regulations see Supplementary Text S1). For example, kelp 
harvesters use hand-held cutting tools in Chile and Japan, 
whereas bottom trawls or dredges are employed in Norway 
and France (Frangoudes 2011, Fujita 2011). Beach-cast 
harvesting of kelp is still an important harvesting method 
in several countries, such as South Africa, Australia, and 
New Zealand (Zemke-White et  al. 2005, Anderson et  al. 

Table 1: Overview of wild harvest (mean annual capture production) of seaweeds and unidentified aquatic plants by major species and 
groups in the earliest and most recent period reported by FAO (2018b).

Common name   Scientific name   Order  
 

1950–1966a 
 

2000–2016a

mt yr − 1  % mt yr − 1  %

Brown seaweeds total       529,117  100.00  653,155  100.00
 North Atlantic rockweed   Ascophyllum nodosum (Linnaeus) Le Jolis   Fucales   1978  0.37  60,712  9.30
 Bull kelp   Durvillaea antarctica (Chamisso) Hariot   Fucales   0  0.00  4726  0.72
 Tangle   Laminaria digitata (Hudson) J.V. Lamouroux   Laminariales   0  0.00  35723  5.47
 North European kelp   Laminaria hyperborea (Gunnerus) Foslie   Laminariales   0  0.00  8674  1.33
 Japanese kelp   Laminaria japonica Areschoug   Laminariales   178,661  33.77  77,806  11.91
 Chilean kelp   Lessonia nigrescens Bory   Laminariales   0  0.00  172,907  26.47
 Kelp - Chile   Lessonia trabeculata Villouta & Santelices   Laminariales   0  0.00  45,211  6.92
 Giant kelps nei   Macrocystis spp. (Linnaeus) C. Agardh   Laminariales   113,638  21.48  34,410  5.27
 Wakame   Undaria pinnatifida (Harvey) Suringar   Laminariales   0  0.00  4145  0.63
 Brown seaweeds generalb      234,848  44.38  208,834  31.97

Red seaweeds total       142,265  100.00  200,870  100.00
 Carragheen (Irish) moss   Chondrus crispus Stackhouse   Gigartinales   1422  1.00  4  0.00
 Gigartina seaweeds nei   Gigartinaceae Kützing   Gigartinales   0  0.00  3993  1.99
 Skottsberg’s gigartina   Gigartina skottsbergii Setchell & N.L. Gardner   Gigartinales   0  0.00  27,948  13.91
 Leister   Sarcothalia crispata (Bory) Leister   Gigartinales   0  0.00  23,549  11.72

  Chondracanthus chamissoi (C. Agardh) Kützing  Gigartinales   0  0.00  3727  1.86
  Mazzaella laminarioides (Bory) Fredericq   Gigartinales   0  0.00  3518  1.75

 Gelidium seaweeds   Gelidium spp. J.V. Lamouroux   Gelidiales   115  0.08  1647  0.82
 Gracilaria seaweeds   Gracilaria spp. Greville   Gracilariales   9127  6.42  51,863  25.82
 Red seaweeds generalb       131,601  92.50  84,612  42.13

Green seaweeds total       1459  100.00  21,222  100.00
 Fragile codium   Codium fragile (Suringar) Hariot   Bryopsidales   0  0.00  875  4.12
 Green laver   Monostroma nitidum Wittrock   Ulotrichales   0  0.00  346  1.63
 Green seaweeds generalb       1459  100.00  20,001  93.25

Miscellaneous total       108,750  100.00  295,229  100.00
 Aquatic plants neic       108,750  100.00  291,395  98.70
 Seaweeds neib       0  0.00  3833  1.29

aShown is the mean annual harvest in metric tonnes (mt) and the percent (%) for each species within its group; only species with >1000 mt 
yr−1 or 1% within their group are shown.
bIncludes other species.
cnei, Not identified.
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2007, PIRSA 2014). Rockweed is harvested by hand-raking 
or cutting in Ireland, France and Canada and by mechani-
cal harvesters in Iceland, Scotland, Norway, France, and 
the US (Meland and Rebours 2012, Seeley and Schlesinger 
2012, Angus 2017, Mac Monagail et  al. 2017). Red sea-
weeds are generally cut by hand in Chile and Indonesia 
(Buschmann et  al. 2008, Chennubhotla et  al. 2013) and 
raked from boats in Canada (DFO 2013). Green seaweeds 
are cut by hand in India (Subba Rao and Mantri 2006). 
Overall, harvests range from small-scale traditional to 
industrial-scale operations.

Generally, information on management and regula-
tions in different countries is difficult to find, and exist-
ing management plans often lack detail. Several countries 
employ some form of single-species management (see 
details in Supplementary Text S1), which includes licenses 
or permits to regulate access and effort, limits on harvest 
amounts (quotas), gear restrictions, and regulations 
on specific cutting methods (frond size, cutting height, 
spacing between fronds). Some countries also have 

temporal restrictions, such as seasonal closures or fallow 
periods, and spatial restrictions such as area manage-
ment, no-take zones or closed areas. However, most coun-
tries only employ few of these management strategies and 
regulations vary widely among jurisdictions; for example, 
the minimum cutting height for rockweed is 12.7  cm in 
Atlantic Canada but 40.6 cm in neighboring Maine (Seeley 
and Schlesinger 2012). Generally, the management focus 
is on the regeneration of the seaweed resource itself, 
with no or limited consideration of other species that are 
associated with the target species and may therefore be 
affected by bycatch or habitat loss and alterations. Few 
countries prohibit seaweed harvesting in areas important 
to other species, such as in seabird protection areas in 
Norway (Vea and Ask 2011).

The management of wild seaweed harvesting is gener-
ally in the hands of state or provincial governments, but 
some countries have co-management schemes where har-
vesting rights are granted to artisanal fishers or fisheries 
co-operatives (e.g. Chile and Japan, Fujita 2011, Vásquez 
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Figure 2: Overview of main countries harvesting seaweeds from the wild.
Shown are all countries contributing >2% of annual harvests within each group from 2000 to 2016 (FAO 2018b).
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et al. 2012, Vega et al. 2014, Supplementary Text S1). Also, 
some countries perform regular monitoring and assess-
ment, which can be industry-led or independent, but 
again mostly focusing on the impacts of harvesting on 
the regeneration of the resource itself (e.g. Norway and 
Japan, Fujita 2011, Meland and Rebours 2012). However, 
basic estimates of species-specific standing stock, growth 
rates, reproduction, regeneration, and associated species 
are often lacking (Werner and Kraan 2004, Springer et al. 
2010, Araújo et al. 2016, Filbee-Dexter et al. 2019). This is 
similar to many traditional and emerging fisheries where 
basic population and ecosystem knowledge is often 
lacking (Anderson et  al. 2011), although the assessment 
and management of individual high-value species has 
improved over past decades (Worm et al. 2009).

Ecosystem structure, functions and 
services
Canopy-forming seaweeds, including kelps, rockweeds 
and many red seaweeds are widely acknowledged as foun-
dation species that form important three-dimensional 
structure in marine coastal environments which con-
tribute important functions and services (Table 2). First, 
seaweed stands contribute to energy capture and transfer, 
including primary, secondary and detritus production 
as well as carbon storage and nutrient cycling (Fredrik-
sen 2003, Krumhansl and Scheibling 2012, Hyndes et al. 
2014). Through their direct provision of food and struc-
tural habitat, seaweed forests also support higher levels 
of biodiversity, fuel food webs and provide biological 
links between marine ecosystems (Vetter and Dayton 
1999, Gaylord et al. 2007, Hyndes et al. 2014, Bustamante 
et al. 2017, Teagle et al. 2017, Holden et al. 2018). Seaweed 
beds not only provide habitat for year-round residents but 
also for species that use the habitat as foraging grounds 
such as birds and otters, as breeding and nursery areas 
particularly for fishes, and as refugia from predators (Seitz 
et al. 2014, Bertocci et al. 2015, Teagle et al. 2017). Lastly, 
seaweed beds buffer coastlines from waves and storm 
surges and can act as natural filters for coastal runoff 
(Gaylord et al. 2007, Arkema et al. 2013). The scale of the 
different ecosystem roles depends on a range of ecosystem 
characteristics, such as the type of the foundation species, 
its frond size and morphology, its area-specific biomass 
(standing stock), three-dimensional canopy structure, 
and habitat distribution and connectivity across the sea-
scape (Gaylord et al. 2007, Schmidt et al. 2011, Smale et al. 
2013, Kay et al. 2016, Olds et al. 2016, Stagnol et al. 2016). 

All these characteristics can be affected by harvesting and 
can result in a wide range of ecosystem effects (Table 2).

Ecosystem effects of seaweed 
harvesting
Despite the ecological importance of seaweed cano-
pies and their long history of harvesting, relatively few 
studies have directly examined the effects of harvesting 
beyond the resource species itself on ecosystem structure, 
functions and services (details on species-specific case 
studies are provided in Supplementary Text S2 including 
Table S2.1).

Harvesting directly affects the biomass and struc-
ture of seaweed beds, both individual frond morphology 
and three-dimensional canopy composition as well as 
their regrowth and regeneration after harvesting (Christie 
et al. 1998, Anderson et al. 2006, Seeley and Schlesinger 
2012, Stagnol et al. 2013, Kay 2015, Steen et al. 2016). The 
reduced standing stock, which may include epiphytic 
algal biomass, can lower primary and secondary pro-
duction, carbon storage and nutrient retention, and the 
shoreline buffer and filter function of seaweed stands 
(Table 2; Graham 2004, Springer et al. 2010, Schmidt et al. 
2011, Smale et al. 2013, Stagnol et al. 2013, Pessarrodona 
et al. 2018). The regeneration of fronds and canopies can 
compensate for some of these losses but can take between 
months and decades depending on target species, whether 
it is perennial or annual, as well as harvest intensity 
(Christie et al. 1998, Jenkins et al. 2004, Kay 2015, Steen 
et al. 2016). Also, continuous harvesting can permanently 
lower the overall standing biomass, as harvested fronds 
have lower average size and age compared to unharvested 
beds (Sharp and Pringle 1990, Kay 2015). Harvesting will 
also lower detritus production from seaweeds, thereby 
affecting communities in adjacent detritus accumulation 
areas, such as beaches and deeper waters (Krumhansl 
and Scheibling 2012, Holden et al. 2018).

Any harvesting method will affect the extent and 
three-dimensional structure of a seaweed canopy, but 
the magnitude and range of consequences will depend 
on the gear type, the harvest intensity and scale, and the 
cutting methods applied (see details in Supplementary 
Text S2  with Table S2.1). While mechanical clear-cutting 
or trawling will remove most of the canopy with years to 
decades needed for recovery, even lower level hand-har-
vesting changes canopy structure through a truncation of 
larger, older and more voluminous fronds. Cutting height 
plays a crucial role in frond regrowth, such as for perennial 
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rockweed, and repeated cutting can change the branch-
ing, size, and density of seaweed fronds (Ugarte et al. 2006, 
Borras-Chavez et al. 2012, Kay 2015). Such changes in the 
amount and structure of the seaweed canopy will affect 
the quantity and quality of habitat provision and commu-
nity organization (Table 2). Also, more complex epiphyte 
communities on older or unharvested fronds further 
increase habitat heterogeneity, create refuges for a variety 
of small animals, provide food for grazers, and contribute 
to overall primary, secondary and detrital production of 
seaweed beds (Anderson et al. 2006, Christie et al. 2009). 
Where beach-cast harvesting occurs, a reduction of detri-
tal export from beach systems can cause declines in the 
richness, abundance, and biomass of coastal macrofauna 
and shorebirds (Krumhansl and Scheibling 2012).

Often, the amount of seaweed habitat (patch size/
biomass) is more important in determining associated 
animal abundances, whereas habitat structure (archi-
tecture) and complexity are more important in deter-
mining species diversity and composition (Christie et al. 
2009). For example in Spain, red seaweed canopy avail-
ability significantly influenced the abundance of species 
and functional groups, while a simplification of habitat 
structure (e.g. reduced density or complexity) decreased 
species and functional group diversity and density, and a 
complete canopy loss impoverished the entire community 
(Bustamante et al. 2017). A partially protected kelp forest 
in Chile had higher kelp density, higher fish biomass, and 
higher richness of sessile species in the understory com-
pared to a harvested kelp area (Pérez-Matus et al. 2017). 
In Eastern Canadian rockweed beds, canopy structure 
composed of frond length and circumference was more 
important in explaining associated community composi-
tion than canopy biomass (Kay et al. 2016).

The disruption and fragmentation of habitats caused 
by clear-cutting or trawling can also affect community 
composition, organization and connectivity (Christie 
et al. 2009, Olds et al. 2016), but has received little study 
in seaweed systems. In a trawled kelp-harvesting area 
in Norway, short-term dispersal and movement of kelp-
associated fauna depended on habitat structure post-
trawling, with remaining holdfasts or small fronds serving 
as refugia (Waage-Nielson et al. 2003). Also, while many 
species were able to disperse rapidly across trawl tracks, 
they strongly varied in the speed of re-colonizing a cleared 
area. Thus, the most crucial factor for the re-establishment 
of an ecologically mature kelp forest community was suf-
ficient time between harvests (Waage-Nielsen et al. 2003).

Generally, the largest ecosystem effects of seaweed 
harvesting have been observed for target species that 
created a dominant and monospecific canopy prior to 

the disturbance (Stagnol et al. 2016). Overharvesting can 
lead to a shift in foundation species composition with 
ripple effects on associated ecosystem roles. In Atlantic 
Canada, a shift from Irish moss to coralline algae has been 
observed multiple times over past decades due to overhar-
vesting and did not easily or rapidly reverse (DFO 2013). 
Also, overharvested rockweed (Ascophyllum nodosum 
(Linnaeus) Le Jolis) beds have seen an encroachment of 
other fucoids, such as Fucus vesiculosus L., with lower 
harvest value and habitat quality (Text S2 with Table S2.1, 
Kay 2015), and kelp beds can be replaced by turf algae 
after perturbation by harvesting or other human activities 
(Benedetti-Cecchi et al. 2015, Filbee-Dexter and Wernberg 
2018). In India, overharvesting has reportedly led to a sig-
nificant decline in seaweed diversity, particularly in the 
Gulf of Mannar from 200 species in the 1970s to 80 in the 
1980s (Chennubhotla et al. 2015).

Bycatch is another common issue in seaweed harvest-
ing, depending on gear selectivity. While seaweed trawling 
or dredging is most prone to involve significant bycatch, 
even hand-raking and cutting will remove a certain 
amount of epiphytes and slow-moving animals attached 
to the target fronds as well as the occasional holdfast with 
its own species community (Seeley and Schlesinger 2012). 
Monospecific stands of Irish moss in Atlantic Canada 
harbor up to 36 animal and 19  major algal species that 
are vulnerable to removal as bycatch (Sharp and Pringle 
1990). Rockweed beds can harbor >100 species of inverte-
brate taxa and numerous algal species (Seeley and Schles-
inger 2012, Kay et  al. 2016), yet only the bycatch of the 
periwinkle, Littorina littorea L. has received some atten-
tion due to its commercial interest (Sharp et al. 2006). A 
study on South African kelps recommended that harvest-
ing should be restricted to only the distal portion of fronds 
which would result in only a 50% reduction of epiphytes 
(Anderson et al. 2006).

Seaweed habitats are also important in supporting 
fisheries by providing breeding, spawning, nursery and 
foraging grounds, and can be important in the connectiv-
ity among different coastal habitats. Rockweed beds in the 
Northwest Atlantic, for example, harbor a wide variety of 
commercially important fish as juveniles or adults, includ-
ing Atlantic cod (Gadus morhua L.), pollock (Pollachius 
virens L.) and Atlantic herring (Clupea harengus L.), and 
invertebrates such as American lobster (Homarus ameri-
canus H. Milne Edwards), several crabs, bivalves and gas-
tropods (Schmidt et al. 2011, Seeley and Schlesinger 2012, 
Kay et  al. 2016). In tropical regions, 17–49% of reef fish 
species have juveniles using macroalgal habitats whereas 
adults are mostly found in coral reefs, highlighting the 
importance of connectivity among multiple habitats 
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(Fulton et al. 2019). In Norwegian kelp beds, the number 
of juvenile gadoids (<15  cm) was 92% lower in recently 
harvested compared to unharvested areas and 85% lower 
in areas harvested one year earlier (Lorentsen et al. 2010). 
Isopods and amphipods, an important food source for 
juvenile gadoids, were slow to recover post-harvesting of 
kelp (Christie et  al. 1998, 2009) and may directly affect 
gadoid abundance, with further indirect effects on higher 
trophic levels. Cormorants, for example, performed signif-
icantly more feeding dives in unharvested than harvested 
areas suggesting that kelp harvesting not only affects juve-
nile fish abundance but also decreases foraging efficiency 
of coastal seabirds (Lorentsen et al. 2010).

In summary, harvesting canopy-forming seaweeds 
affects the morphology, canopy structure, standing stock 
and species composition of the foundation species which 
in turn affects their ecological roles in marine ecosystems 
(Table 2). The magnitude and range of ecosystem impacts 
depend on the species being harvested, the harvest 
methods employed, the intensity of biomass removal 
and its spatial and temporal extent (Supplementary Text 
S2 and Table S2.1). The broader ecosystem effects further 
depend on the recovery of seaweed fronds and regenera-
tion of seaweed canopies after harvesting, and the ability 
of associated flora and fauna to recolonize and reorgan-
ize associated communities (Waage-Nielsen et  al. 2003, 
Steen et al. 2016). Depending on harvest intensity this can 
take months to decades and can be influenced by oceano-
graphic conditions (Christie et al. 1998, 2009, Steen et al. 
2016), species interactions such as grazing and top-down 
control (Oritz 2010, Oróstica et  al. 2014) and concurrent 
anthropogenic stressors including climate change (Range-
ley and Davies 2000, Worm and Lotze 2006, Bulleri et al. 
2017, Falace et  al. 2018). Ideally, these factors would be 
considered in an ecosystem-based management plan 
for wild seaweed harvesting to minimize the ecosystem 
impacts.

Ecosystem-based approaches to 
seaweed harvesting
Over the past decade, several efforts have aimed to 
define and outline ecosystem-based management (EBM) 
approaches to exploitation (Pikitch et  al. 2004, Arkema 
et al. 2006, UNEP 2011, Long et al. 2015). With the overall 
goal to ensure healthy, productive and diverse marine 
ecosystems, EBM aims to (i) maintain ecosystem charac-
teristics to protect non-target species, vulnerable species, 
habitats and trophic interactions, (ii) protect essential 

habitats to sustain species diversity and abundance, (iii) 
protect endangered, threatened and vulnerable species, 
(iv) reduce bycatch and discards, and eliminate destruc-
tive and unselective methods of exploitation, and (v) 
manage target species in the context of the overall state of 
the ecosystem, habitat, protected species and non-target 
species (Pikitch et al. 2004, UNEP 2011).

Based on our above review we outline below how 
these goals could be applied to the context of wild har-
vesting of canopy-forming seaweeds (see also Table 2):
(i)	 To maintain the ecosystem characteristics of sea-

weed canopies, the overarching goal should be to 
maintain high canopy biomass (standing stock) 
and connectivity and allow for rapid frond regrowth 
and canopy regeneration after harvesting. This 
could be implemented with harvest limits (quotas) 
to constrain biomass removal. Regulation of cut-
ting height, spacing and limits on holdfast removal 
will allow for more rapid regrowth, avoid canopy 
fragmentation, and seasonal closures during peak 
seaweed growth and reproduction will ensure that 
vital rates remain more natural. Also, overharvest-
ing should be avoided to prevent any replacement of 
foundation species. These measures would ensure 
the continued primary, secondary and detritus pro-
duction to fuel associated food webs and fisheries, 
and continued levels of carbon storage, nutrient 
cycling, shoreline protection and buffer zones. This 
could be further supported with spatial manage-
ment, including area rotations to ensure enough 
recovery time and exclusion zones to support recolo-
nization. Exclusion zones would also provide insur-
ance against unforeseen effects of harvesting and 
help track ecosystem changes in the absence of har-
vesting, for example changes due to climate change, 
essentially providing ecosystem-level control sites 
(Pikitch et al. 2004, UNEP 2011).

(ii)	 To protect essential habitats to sustain species diver-
sity and abundance, the overarching goal should be 
to minimize disruptions to the three-dimensional can-
opy structure, habitat architecture and connectivity. 
This could be achieved through strict harvest quotas 
limiting the amount of biomass removal and gear regu-
lations prohibiting mechanical clear-cutting and lim-
iting habitat fragmentation. Cutting methods should 
aim to minimize alterations of the canopy structure, 
such as elevated cutting heights and spacing between 
fronds and strict limits on holdfast removal. Seasonal 
closures should be implemented during peak breed-
ing, spawning and nursery periods of associated 
species (e.g. common eider Somateria mollissima L., 
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herring spawning, pollock nursery, Rangeley and 
Davies 2000, Seeley and Schlesinger 2012) and no-
take protected areas could serve as year-round ref-
uges (e.g. seabird colonies, Vea and Ask 2011). Spatial 
management could support these efforts by ensuring 
population (including genetic) and community con-
nectivity among patches of the same or different habi-
tats across the seascape (Durrant et  al. 2018, Fulton 
et al. 2019), and minimize overlap with other resource 
uses; ideally this would be implemented in a commu-
nity co-management framework (e.g. Tognelli et  al. 
2009).

(iii)	To protect endangered, threatened and vulnerable 
species that depend on seaweed habitats, the over-
arching goal should be to meet their needs for set-
tlement, food, growth, reproduction, and shelter, 
depending on the species in question. This means 
that management needs to address both the direct 
and indirect effects of seaweed harvesting, including 
impacts on essential habitat availability, structure 
and connectivity, food production, and detritus pro-
duction that supports species farther away dependent 
on beach cast (e.g. shorebirds) or accumulation areas 
in open or deeper waters (e.g. sea turtles, sea urchins; 
Krumhansl and Scheibling 2012). As above, harvest 
limits to reduce biomass removal, gear restrictions to 
avoid habitat destruction or fragmentation, and cut-
ting methods to maintain canopy structure should 
be priorities. Seasonal closures should aim to protect 
essential reproductive or feeding periods of vulner-
able species, and no-take reserves can provide year-
round refuges. Further spatial management should 
ensure connectivity among habitat patches and along 
migration routes (Durrant et  al. 2018, Fulton et  al. 
2019).

(iv)	 To reduce bycatch and discards, the overarching 
goal of seaweed harvesting should be to use the least 
habitat-destructive and frond-damaging gear and 
employ the most selective methods for cutting and 
removing frond material. Trawling and dredging gen-
erally entrain a wide range of non-target species and 
have the most damaging effects on seafloor habitats, 
including the seaweed canopy (Christie et  al. 1998, 
Jennings and Kaiser 1998, Dayton et al. 2002). Hand-
cutting is much less destructive to the habitat itself 
but can still remove large amounts of epiphytic and 
slow-moving animals as bycatch (Anderson et  al. 
2006, Seeley and Schlesinger 2012). Also, the damage 
or removal of holdfasts should be avoided to support 
frond regrowth and maintain holdfast communities 
(Waage-Nielson et al. 2003, Sharp et al. 2006).

(v)	 Finally, to manage the target species in the context of 
the overall state of the ecosystem, habitat, protected 
species and non-target species, management plans 
need to consider a range of abiotic, biotic and anthro-
pogenic factors in coastal ecosystems, including 
changing environmental conditions due to climate 
change. Integrated coastal-zone or ocean manage-
ment, including zoning of multiple ocean uses, land-
sea connections, and cumulative human impacts, 
should focus on supporting the conditions under 
which seaweed canopies thrive. This also needs to 
consider current and future range shifts in foundation 
species with climate change (Wernberg et  al. 2016, 
Wilson et  al. 2019) and the management of invasive 
species (Maggi et  al. 2015, Epstein and Smale 2017). 
Spatial management should allow for no-take pro-
tected areas to provide refuge areas and reference 
sites for ecosystem assessments (Arkema et al. 2006) 
as well as ensure connectivity among multiple habi-
tats, such as coral reefs and macroalgal beds (Fulton 
et  al. 2019). Community management needs to bal-
ance traditional user rights with industrial interests 
(Armitage et al. 2009) and co-harvesting in areas with 
multiple harvesting interests (Tognelli et  al. 2009). 
This requires the engagement of multiple stakehold-
ers as well as the general public.

Other considerations for 
sustainability
Implementing an EBM approach to seaweed harvesting 
would lay a proper foundation for the sustainable use of 
canopy-forming seaweeds while allowing them to con-
tinue to provide essential ecosystem functions and ser-
vices for the benefit of coastal communities around the 
world (Table 2). Similarly, implementing EBM into other 
commercial fisheries can be beneficial for fishers, marine 
ecosystems and society alike (Worm et  al. 2009, Eddy 
et al. 2017). As with other management strategies, an EBM 
approach would require proper governance and regula-
tions, implementation on the ground, as well as monitor-
ing and enforcement to meet goals and targets (Pitcher 
et al. 2009, Worm et al. 2009). However, other factors also 
play a role in the overall sustainability of utilizing wild 
seaweed canopies.

Firstly, wild seaweeds are facing increasing pres-
sures from growing human demands and global markets 
for sustainable nutrition, health or superfoods, medi-
cine, cosmetics and a wide range of industrial products 
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including bioenergy production (Fernand et  al. 2016, 
Anis et al. 2017, Mac Monagail et al. 2017). The question is 
whether we should aim to meet growing global demands 
by harvesting wild canopy-forming seaweeds that provide 
a range of essential ecosystem functions and services, 
or rather by cultivating seaweeds, which seems feasible 
given the strong rise in aquaculture (Figure 1). The devel-
opment and transitioning to seaweed aquaculture could 
be supported by management agencies while maintain-
ing small-scale traditional, subsistence and recreational 
seaweed harvesting. Also, placing a monetary value on 
the ecosystem services provided by wild seaweeds could 
allow for a proper comparison of the economic and envi-
ronmental benefits and drawbacks of wild seaweed har-
vesting versus cultivation (Blamey and Bolton 2018).

Another consideration involves cumulative human 
impacts from activities both on land and in the sea. The 
growth and survival of seaweeds can be affected by nutri-
ent loading and chemical pollution from land-based 
sources or aquaculture activities, sediment runoff, physi-
cal disturbance from fishing, boating or constructions, 
shading from overwater structures, and invasive species to 
name a few (Rangeley and Davies 2000, Worm and Lotze 
2006, Murray et  al. 2015, Murphy et  al. 2019). Because 
wild seaweeds are harvested directly from the ocean, they 
are often considered and marketed as “organic” without 
evaluation of their tissue content or environmental condi-
tions they were grown in; however, seaweeds are known 
to accumulate chemical substances and toxins (Chen et al. 
2018, Falace et  al. 2018). Proper evaluation, monitoring, 
certification and labelling, such as through the Marine 
Stewardship Council (MSC; ASC-MSC 2018), would help 
shed a light on growing conditions and harvesting prac-
tices of wild seaweeds around the world and ensure the 
quality and safety of food and feed made from seaweeds.

Also, because many species are impacted by a suite 
of human activities, the protection of important marine 
habitats is a growing priority for marine management 
and conservation worldwide (European Commission 
2008, Cullen-Unsworth and Unsworth 2016, Murphy et al. 
2019). Essential fish habitats, for example, which many 
seaweeds and seagrasses provide, are often conservation 
priorities which is counter to the continued harvesting of 
canopy-forming seaweeds. In Atlantic Canada, seagrass 
(Zostera marina L.) has been identified as an Ecologi-
cally Significant Species (ESS; DFO 2009) because of the 
important roles it plays in coastal ecosystems, and man-
agement efforts aim to reduce or prevent harmful human 
disturbances (Murphy et al. 2019). In contrast, rockweed 
and kelp play similar roles in marine environments, yet 
have not received similar recognition and commercial 

harvesting continues (DFO 2013). Across the European 
Union, a wide range of species and habitats, including 
seaweed beds, can be protected as Special Areas of Con-
servation under the Natura 2000 network of protected 
areas (European Commission 2008).

Climate change creates another urgent issue in tem-
perate to polar marine environments where many can-
opy-forming seaweeds are found (Harley et  al. 2012). 
Warming waters are already affecting the distribution of 
kelps and rockweeds around the world, with range con-
tractions at their warm-water distribution boundaries, 
population declines or disappearances in some regions, 
as well as changes in the composition of foundation 
species or replacements with turf algae or invasive sea-
weeds (Ugarte et  al. 2010, Wernberg et  al. 2016, Jonsson 
et  al. 2018, Wilson et  al. 2019), all of which is affecting 
the quantity and quality of available seaweeds habi-
tats and their connectivity across the seascape (Durrant 
et al. 2018). Ocean acidification is also an issue for some 
species, and increased storminess and more severe physi-
cal disturbances affect seaweed canopies particularly in 
shallower waters (Harley et al. 2012). In some instances, 
range expansions into higher latitudes or invasions by 
non-native seaweeds may create new opportunities for 
ecosystem configurations as well as harvesting (Epstein 
and Smale 2017, Wilson et al. 2019).

Finally, there is no pre-exploitation baseline data for 
many seaweed stands, and the ecosystems they create, 
which makes it difficult to evaluate the full scale of popula-
tion and ecosystem changes (Lotze and Worm 2009, Seeley 
and Schlesinger 2012, Kay 2015). In the absence of such 
knowledge, robust and precautionary management meas-
ures should be adopted, and the incorporation of harvest 
exclusion zones or no-take protected areas should be man-
datory in every management plan to provide a reference for 
ecosystem evaluations (Pikitch et al. 2004, Long et al. 2015). 
Also, species-specific harvest statistics should be collected 
and reported for all seaweeds to allow for the assessment 
of harvest trends nationally and globally. Currently, only 
some statistics are reported for individual seaweed species 
(Table 1), while many are reported in bulk categories. We 
also found considerable mismatches between what was 
reported at FAO compared to country-specific statistics, 
for example an underreporting of Atlantic Canada rock-
weed catches at FAO (DFO 2013, FAO 2018b). In addition to 
biomass removals, reporting, at least to national agencies, 
should also include the effort employed to allow for proper 
catch-per-unit-effort assessments as in other fisheries, as 
well as monitoring and reporting of bycatch (flora, fauna), 
holdfast removals, and specific harvest locations to allow 
for evaluations of some ecosystem consequences.
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Conclusions

Canopy-forming seaweeds have played – and continue 
to play – important roles in the history of human coastal 
resource use and in the functioning of marine ecosystems. 
In an era of increasing human demands for seaweed prod-
ucts and applications, but also increasing pressures on 
coastal ecosystems, there is a growing need to balance 
the value of the functions and services seaweeds provide 
as living ecosystems against their value as harvested 
resources. Also, the value of seaweeds for traditional 
small-scale and subsistence harvesting needs to be pre-
served in the presence of industrial operations. The growth 
of seaweed aquaculture could alleviate some pressure on 
wild seaweed habitats, but the location and scale of such 
operations should be carefully evaluated to prevent nega-
tive environmental impacts (Campbell et al. 2019). Many 
jurisdictions already employ some regulations to the 
harvesting of wild seaweeds but usually only in a single-
species context and not comprehensive enough to also 
maintain the ecosystem structure, functions and services 
they provide. We argue that a comprehensive ecosystem-
based management approach would be instrumental for 
the maintenance of the ecological and economic values of 
seaweed canopies and help build resilience in the face of 
growing cumulative and climate-change impacts affecting 
coastal ecosystems.
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