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Seaweed aquaculture is gaining traction globally as a solution to many climate

issues. However, seaweeds themselves are also under threat of

anthropogenically driven climate change. Here, we summarize climate-related

challenges to the seaweed aquaculture industry, with a focus on the developing

trade in the North Atlantic. Specifically, we summarize three main challenges: i)

abiotic change; ii) extreme events; and iii) disease & herbivory. Abiotic change

includes negative effects of ocean warming and acidification, as well as altered

seasonality due to ocean warming. This can lower biomass yield and change

biochemical composition of the seaweeds. Extreme events can cause

considerable damage and loss to seaweed farms, particularly due to marine

heatwaves, storms and freshwater inputs. Seaweed diseases have a higher

chance of proliferating under environmentally stressful conditions such as

ocean warming and decreased salinity. Herbivory causes loss of biomass but is

not well researched in relation to seaweed aquaculture in the North Atlantic.

Despite challenges, opportunities exist to improve resilience to climate change,

summarized in three sections: i) future proof site selection; ii) advances in

breeding and microbiome manipulation; and iii) restorative aquaculture. We

present a case study where we use predictive modelling to illustrate suitable

habitat for seaweed cultivation in the North Atlantic under future ocean warming.

Notably, there was a large loss of suitable habitat for cultivating Alaria esculenta

and Laminaria digitata. We show how selection and priming and microbe

inoculates may be a cost-effective and scalable solution to improve disease-

and thermal tolerance. Co-cultivation of seaweeds may increase both yield and

biodiversity co-benefits. Finally, we show that aquaculture and restoration can

benefi t f rom col laborat ing on nursery techniques and push for

improved legislation.
KEYWORDS

seaweed aquaculture, climate change, breeding, ocean warming, salinity, restorative
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1 Introduction

Climate change is putting increased pressure on food production,

creating a rising demand for sustainable aquaculture solutions

(Subasinghe et al., 2009). Among the different avenues of

aquaculture, seaweeds are a promising candidate. Seaweeds are

capable of growing without the addition of nutrients or fertilizers

and can be used in a multitude of downstream applications

(Buschmann et al., 2017). In addition, seaweeds have great potential

to increase sustainability of mariculture projects, such as in restorative

aquaculture or integrated multitrophic aquaculture (IMTA; Duarte

et al., 2022). Currently, almost all (97%) commercially grown seaweeds

come fromAsia, with China, Indonesia, and South Korea being the top

three global producers (Sultana et al., 2023; Khan et al., 2024).

However, the seaweed cultivation industry is growing in other parts

of the world, including the North Atlantic (Figure 1). In 2024, a total of

1,240.86 KT wet weight of seaweed was produced annually by 139

companies, with the main species for cultivation being Saccharina

latissima, Ulva sp. and Alaria esculenta (Figure 1, data sourced

from www.phyconomy.net).

For seaweed aquaculture to expand in the North Atlantic, there

are still many challenges that need to be addressed. Despite

recognition as an emerging industry, there is a significant lack of

seaweed policy and regulation in countries bordering the North

Atlantic (Campbell et al., 2020; Naylor et al., 2021). Largely,

seaweed policy is based on existing shellfish regulation, with some

nations, such as Scotland and Norway, having started to develop

independent seaweed aquaculture policies (Alexander et al., 2015;

Wood et al., 2017). Seaweed cultivation requires large spatial areas

for operations to be economically feasible, which is largely due to

current market values for seaweeds and the costs associated with
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small-scale farming (Hughes and Black, 2016). Available space in

the marine environment is highly contested, with potential

solutions for avoiding conflict including the combination of

seaweed with other aquaculture or marine-related industries, or

offshore operations (Hughes and Black, 2016; Kim et al., 2017;

Duarte et al., 2017). In addition, social licensing to build large scale

seaweed farms in the North Atlantic may not yet be on par with

other parts of the world (Billing et al., 2021), and the nursery phase

of seaweed farming is still labor intensive and therefore costly.

Next to the economic, social, environmental and policy

challenges of seaweed aquaculture (reviewed in for example

Alexander et al., 2015; Campbell et al., 2019; Kerrison et al., 2015;

Wood et al., 2017; Visch et al., 2023), there are concerns regarding

seaweed aquaculture viability in relation to climate change threats.

Climate stressors have long been recognized to affect natural

seaweed habitats (e.g. Harley et al., 2012; Wernberg et al., 2023;

Steneck et al., 2002; Schiel et al., 2004). At the same time, the

commercial growth of seaweeds has been suggested as a solution to

certain climate stressors, through carbon capture, pH buffering,

waste-water remediation and offering a low-carbon alternative to

certain products (reviewed in for example Yong et al., 2022; Sultana

et al., 2023; Ross et al., 2023; Duarte et al., 2022). However, climate

change stress will also have a profound effect on the seaweed

growing industry (Chung et al., 2017). Climate change effects on

the seaweed aquaculture industry have been reviewed for specific

locations such as California (Kübler et al., 2021), the UK and

Ireland (Callaway et al., 2012), the Gulf of Maine (Bricknell et al.,

2021), Korea (Kim et al., 2019) and Norway (Stévant et al., 2017), as

well as focusing on specific species such as tropical red seaweeds

(Largo et al., 2017). This review focuses on the seaweed aquaculture

species relevant to the North Atlantic (Figure 1). The species
FIGURE 1

Production numbers and main species of seaweed cultivated in the North Atlantic seaweed industry. Data were taken from www.phyconomy.net in
August 2024 and collated for visual presentation. Companies were only included if active seaweed growing took place in the North Atlantic (i.e. excluding
any Pacific companies from Canada and the USA, and companies only practicing wild harvesting. Onshore cultivation and companies practicing both
wild-harvesting and cultivation were included). (A) Map of the North Atlantic defined as area 21 and 27 of the FAO Major Fishing Areas, depicted by the
two blue areas. In red is the number of seaweed cultivation companies per country, as well as the metric KT (kilo ton) of wet weight produced annually.
(B) Main species grown in the North Atlantic seaweed industry, ordered by number of companies cultivating these species.
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cultivated span across all three domains of seaweeds, therefore

responses to climate change will differ. We summarize the main

climate change challenges facing the seaweed aquaculture industry.

At the same time, we address emerging opportunities and potential

solutions to some of the challenges. As the focus is on the North

Atlantic, most species discussed are of a temperate distribution.

However, where relevant, examples might be provided from tropical

seaweed aquaculture, particularly if the research is innovative and

paves the way for technological improvements from which the

temperate aquaculture industry may learn.
2 Challenges

Climate change is driving profound changes in seaweed

ecosystems globally (Wernberg et al., 2023; Filbee-Dexter and

Wernberg, 2018; Smale, 2020). Anthropogenic CO2 has been

steadily rising since the start of the industrial era, which has

driven multiple changes in the environment affecting marine

ecosystems (Allen et al., 2009). The acceleration of carbon

emissions has caused global atmospheric temperatures to rise, and

a large proportion of that temperature increase is absorbed by the

ocean, causing ocean temperatures to increase (Reichert et al., 2002;

Bronselaer and Zanna, 2020; Goodwin et al., 2015). Ocean systems

are also becoming more acidic due to increased absorption of

atmospheric CO2 (Doney et al., 2009; Iida et al., 2021; Ma et al.,

2023a). Through increased temperatures, weather patterns are

shifting globally resulting in increased rainfall, which in turn can

change salinity levels in coastal areas (Marsooli et al., 2019).

Extreme events such as storms and marine heatwaves are also

increasing in frequency and intensity (Coumou and Rahmstorf,

2012; Smale et al., 2019). The direct effects of ocean warming have

other indirect consequences upon seaweed ecology and aquaculture,

such as altered herbivory rates, species range shifts and the

prevalence of disease (Vergés et al., 2014; Krumhansl et al., 2016;

Gachon et al., 2010). All these ocean change factors represent risk

and may influence seaweed aquaculture endeavors. The challenges

they present are discussed here.
2.1 Challenge 1: abiotic change

2.1.1 Ocean warming
Increasing ocean temperatures have been identified as a major

challenge to seaweed aquaculture industries, though it also may

increase areas available for aquaculture (Largo et al., 2017; Chung

et al., 2017). Global climate change is predicted to increase sea

surface temperatures from an average 1.5°C to 3.5°C under low- and

high-emission CMIP6 models, respectively (Kwiatkowski et al.,

2020; IPCC, 2023). Since the latitudinal distribution of seaweed is

largely constrained by temperature (Smale, 2020; Jayathilake and

Costello, 2020), this could have a profound impact upon ecosystem

ecology, as well as existing and future seaweed and IMTA

enterprises (Chung et al., 2017). Temperature stress has effects on

both the individual level, altering a seaweed’s morphology and
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biochemical profile (Eggert, 2012), and population level, including

range shifts, genetic shifts, and decreased productivity of the whole

ecosystem (Harley et al., 2012; Wernberg et al., 2023; Coleman et al.,

2020a). However, how this may impact seaweed aquaculture

remains uncertain and requires more detailed study and models

to predict impacts.

Seaweeds have a multitude of mechanisms to acclimate, protect,

or repair in response to temperature stress, among them adjusting

cell membrane fluidity and production of a suite of enzymes to

protect against intracellular reactive oxygen species (ROS) which

may be formed in response to temperature stress (e.g. Eggert, 2012;

Choo et al., 2004; Britton et al., 2020; Hammann et al., 2016)

However, their upregulation will come at a metabolic cost. which

reduces growth and net primary productivity (NPP) as temperature

increases (Harley et al., 2012; Eggert, 2012). This has been observed

in the northeast Atlantic, where net primary productivity (NPP)

and biomass standing stock of Laminaria hyperborea was

respectively 1.5 and 2.5 times greater in northern sites compared

to the southernmost sites in the UK, across a temperature gradient

of ~2.5°C (Smale et al., 2020). Overall trends show that NPP of

seaweed systems is highest in temperate regions, where ocean

temperatures are between 10-18°C (Pessarrodona et al., 2022).

This indicates that ocean warming may shift areas of greatest

NPP from temperate to arctic regions, which currently represent

lower NPP rates. For higher NPP in seaweed farming, farms may

thus be best placed in cooler thermal regions, or use species that

have a higher NPP under increased temperatures. For example, the

pseudo-kelp Saccorhiza polyschides has a higher mean NPP and a

larger capacity to respond to thermal stress compared to Laminaria

ochroleuca, in part due to its annual life cycle (Biskup et al., 2014).

However, this does not take into account that NPP can become

temperature acclimated (Davison et al., 1991; Kübler and

Davison, 1995), or that photosynthetic rates may be adapted to

local temperatures (King et al., 2020; Smolina et al., 2016). In

addition, NPP can be influenced by other abiotic factors, e.g. light

regimes or CO2, and biotic factors, e.g. life history stage or tissue

type, which adds extra caution to extrapolating NPP measurements

from limited data points (Franke et al., 2023; Veenhof et al., 2024).

Increased temperature can also alter the biochemical

composition of seaweeds. As a majority of seaweeds are processed

downstream for their primary and secondary metabolites

(Buschmann et al., 2017), this can have a large impact on

marketable products for the seaweed aquaculture industry. The

effects of climate change on seaweed metabolites have recently been

reviewed, and we refer to this body of work for further reading

(Park et al., 2023). Briefly, the composition of carbohydrates, amino

acids, and other metabolites can change under temperature stress

potentially altering the overall nutritional composition of the

seaweed (Park et al., 2023), which will likely have knock-on

effects for human consumption (Shalders et al., 2022). Mixed

reports show both no effect of temperature stress on the

nutritional quality of seaweeds (Ecklonia radiata and Sargassum

sp.; Shalders et al., 2023) or a decrease in nutritional quality with

increased temperatures (Macrocystis pyrifera, Derbesia tenuissima;

Lowman et al., 2022; Gosch et al., 2015), which could be due to
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separate stress tolerances between species. Research should address

the changes in nutritional quality of seaweeds commonly grown

for commercial aquaculture. This is particularly important as

consistent biochemical composition of the seaweeds is key for

delivering products to end-users such as the food- and feed

industry (Park et al., 2023).

Range shifts of seaweeds induced by warming may change the

species composition of natural seaweed populations, which may

affect the total nutritional value of those seaweed environments

(Shalders et al., 2023). Similarly, in the context of seaweed

aquaculture, the species that are viable for culture and their

nutritional content at one specific site may change with ocean

warming. Or, the time of harvest may be shortened to earlier in the

season from current operational farms. As such, projections of

seaweed species’ distributions in a future ocean are crucial for

marking locations suitable for seaweed aquaculture. Climate change

has already resulted in the range shift of commercially important

populations of seaweed. For instance, in North America, there has

been a decline in S. latissima and Laminaria digitata populations on

the southern range edge and in warming hotspots (Feehan et al.,

2019; Filbee-Dexter et al., 2016). In Europe, shifts in seaweed

distributions have also been reported, including poleward shifts in

the cold-water species S. latissima and A. esculenta from Northern

Europe (Moy and Christie, 2012; Simkanin et al., 2005). Warmer

water affiliated L. ochroleuca and L. hyperborea have been reported

to decline in Southern Europe (Piñeiro-Corbeira et al., 2018;

Casado-Amezúa et al., 2019), but are expanding into Northern

Europe (Schoenrock et al., 2019; Rinde et al., 2014). These examples

indicate that site-specific consideration should be given to which

species are currently suitable for aquaculture, and which species

might offer more appropriate candidates for cultivation under

future warming scenarios and predicted species range shifts.

2.1.2 Ocean acidification
An increase in atmospheric CO2 leads not only to ocean

warming, but also to ocean acidification (OA). Rising

atmospheric CO2 levels are tempered by oceanic uptake,

removing approximately one third of all anthropogenic released

carbon (Iida et al., 2021). Yet this uptake causes a shift in ocean

carbonate chemistry (Doney et al., 2009; Kwiatkowski et al., 2020).

As CO2 is absorbed by the oceans, it reacts with seawater to create

carbonic acid, causing pH levels to decrease and thus making

seawater overall more acidic (Raven et al., 2005). On average,

anthropogenic emissions of greenhouse gases have caused pH to

decrease in ocean surface seawater by around 0.1 since the

beginning of the industrial era (Iida et al., 2021). Future estimates

predict that oceanic pH could drop by another 0.2 - 0.3 units by the

end of this century (IPCC, 2023). Coastal seas, where most seaweed

aquaculture currently takes place, are more at risk of acidification

than the open ocean. This is due to the multiple sources of CO2 and

acidic sources that coastal seas are exposed to (such as river inputs,

discharge, erosion runoff, etc.), compared with the well-buffered

open ocean that is only significantly affected by atmospheric CO2

(Chan et al., 2017; Clements and Chopin, 2017).
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Seaweeds are predicted to have a mixed response to OA as

concentrations of dissolved CO2 increase (Roleda and Hurd, 2012).

Calcifying seaweeds are expected to have a negative response

toward acidification, yet few studies have examined the response

of non-calcifying seaweeds dominating the aquaculture trade

(Buschmann et al., 2017; Kim et al., 2017). For non-calcifying

seaweeds, it is hypothesized that increased acidification may

either have a neutral or a beneficial effect, especially if the

seaweed does not use carbon concentrating mechanisms (CCM)

as an active carbon uptake strategy (Kübler and Dudgeon, 2015).

Britton et al. (2019) studied the effect of diel fluctuating pH levels

(representative of coastal environments) on two seaweed species

without CCMs. Effects were species-specific, where diel pH

fluctuation reduced photosynthesis in the red seaweed Callophyllis

lambertii, but increased OA benefited physiological rates.

Conversely, another rhodophyte, Plocamium dilatum, showed no

effects of pH fluctuations or OA. Other studies support the findings

of species-specific responses to OA (Paine et al., 2023; Ho et al.,

2021; Taise et al., 2023; van der Loos et al., 2019b) suggesting that its

effects are not just dependent on the method of carbon acquisition,

but also species-specific enzyme activity and natural pH

fluctuations (Britton et al., 2019; van der Loos et al., 2019b).

In addition, some degree of pH fluctuation happens naturally in

many seaweed environments, caused by carbon cycling of the

seaweeds. Dissolved inorganic carbon is taken up during the day,

increasing the surrounding water pH, and decreases pH during the

night as they release CO2 through respiration (Noisette et al., 2022).

Organisms (including seaweeds themselves) which reside in these

diel cycle systems are subjected to highly variable pH and CO2

concentrations that can be of a similar or larger magnitude to the

near-future changes expected to occur due to OA (Frieder et al.,

2012; Krause-Jensen et al., 2015). As such, these species may be less

susceptible and more resilient toward ocean acidification.

2.1.3 Altered seasonality
Both growth and biochemical composition of seaweed species

vary temporally. Growth is often determined according to season,

such that it is mostly related to available daylight hours independent

of other abiotic factors (Lüning, 1994, 1993). On the other hand,

processes such as nutrient accumulation in seaweeds may be

influenced by temperature, the type and concentration of water

nutrient and other abiotic factors that vary seasonally (Rioux et al.,

2009; Suresh Kumar et al., 2015). As such, ocean change may cause

a mismatch between the optimal environmental conditions for

biomass acquisition and intended biochemical composition at

harvest time. For example, in cold-water species, such as kelps

and fucoids, highest growth is achieved over winter and/or spring

when daylight and SST increase, while growth diminishes in

summer (Lüning, 1993). While daylength dictates growth,

seasonal temperature influences lipid and fatty acid composition

(Britton et al., 2021). Elevated water temperatures earlier in the

season may thus shift the biochemical composition of harvested

species, which will affect end-consumers if harvest time is kept

similar, but may also influence the broader fisheries industry
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through trophic interactions (Shalders et al., 2022). This may be

mitigated by shifting of harvest season to earlier in the season,

which may offer a potential opportunity for a second harvest later in

the season. Seasonal mismatches may also occur between spore

production and the ideal conditions for microscopic life phases of

seaweed to grow and recruit (Martins et al., 2017; Bartsch et al.,

2013). While the commercial culture of gametophytes is generally

achieved under controlled lab conditions, spores are often sourced

from wild populations. Tracking optimum time frames for spore

harvesting as seasons shift may thus be of relevance to future

aquaculture projects (Veenhof et al., 2023).

The seasonal effects of temperature may also interact with

effects from ocean acidification. OA can stimulate growth and

nitrogen accumulation during warmer seasons in Gracilaria

lemaneiformis and thus a shift of harvest period to later in the

season may be beneficial in an acidifying ocean (Chen et al., 2018).

Season can also determine whether OA exacerbates or mitigates the

negative effect of ocean warming, which may have knock-on effects

for time of harvest. For example, in Fucus vesiculosus, OA mitigate

the effects of warming in spring and early summer, but the

mitigating effect of OA on temperature stress ceased in high

summer (Graiff et al., 2015). The results suggest that ocean

acidification may impart benefits to temperature resilience in

some seaweeds, but that these benefits are limited beyond certain

temperature thresholds (24°C, F. vesiculosus), and at certain

seasonal time-points (spring, F. vesiculosus).

Iodine is one of many biochemical components of seaweeds that

can vary seasonally and with environmental conditions. Iodine is a

key food supplement derived from seaweeds, but can be harmful to

for example thyroid function when consumed in excess through

seaweed consumption by both humans and animals (Farebrother

et al., 2019). Iodine from seaweeds can also bio-accumulate in

higher trophic levels, for instance in abalones in integrated

aquaculture systems, leading to a risk of excess consumption

(Xu et al., 2019). Increased temperature can increase iodine

concentration in Ecklonia cava (Satoh et al., 2019). In contrast,

iodine content increased in winter during colder conditions for

L. digitata (Nitschke et al., 2018). Iodine content also significantly

increased in monocultures of cultivated kelp as compared to wild

stands of S. latissima (Roleda et al., 2018). In cultivation trials for S.

latissima, early deployment (October) decreased iodine content as

compared to late (January) deployment, demonstrating the clear

influence of seasonality on iodine accumulation (Arlov et al., 2024).

Currently, many available seaweed food products already contain

more iodine per serving portion than is recommended by the

Scientific Committee on Food (Aakre et al., 2021; Redway and

Combet, 2023). As such, increased iodine content from shifts in

season or time of harvest may cause increased risk of excess iodine

intake. In addition, increased iodine may be excreted as volatile

halocarbon compounds particularly under ocean warming

scenarios, which can increase radiative forcing if released in large

quantities (Keng et al., 2020). However, at current scale, Atlantic

aquaculture is unlikely to pose a significant effect on global radiative

forcing (Duarte et al., 2022).
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2.2 Challenge 2: extreme events

2.2.1 Storms
Ocean warming has been linked to an increase in storm events

and other extreme weather events (Meehl et al., 2000). There is

evidence for the enhanced poleward movement of storms in the

mid-latitudes due to the increase in atmospheric water vapor and

strengthening of upper-level wind velocities (Tamarin-Brodsky and

Kaspi, 2017; Wolf et al., 2020). This could increase the risk of severe

winter storms over the mid-latitudes in Europe resulting in intense

rainfall and stronger winds (Wolf et al., 2020). Changes in the

strength of the North Atlantic Oscillation (NAO) towards the end

of the 21st century may lead to regional differences in the frequency

and intensity of storms. Storms and wind speeds over Central and

Western Europe may increase in prevalence and strength, which

have the potential to be more destructive to coastal systems (Wolf

et al., 2020; Woollings et al., 2012). The North Atlantic coast of

North America is also expected to see an increase in tropical storms

and hurricanes due to increasing SSTs in the North Atlantic

(Marsooli et al., 2019; Villarini and Vecchi, 2012). Increased

storms can damage seaweed aquaculture infrastructure, which are

often submerged floating longlines (Figure 2), resulting in economic

losses and potential risk of marine pollution, affecting overall

sustainability of a seaweed farm (Campbell et al., 2019).

The biology of the seaweeds themselves can also be affected by

increased storminess. The morphology of cultivated seaweed

species (e.g. frond length and width) and the ability of their

holdfast to stay secured may be affected by increased

hydrodynamic forcing caused by the increase in storm frequency

and strength. For example, the cultivated kelp species S. latissima

generally grows longer and thinner in higher energy, exposed

environments where stronger wave action and current strength

occur (Peteiro and Freire, 2013). Deploying morphologically plastic

crops in increasingly storm-affected environments could result in

the direct loss of biomass, as well as compositional changes, due to

‘skinnier’ growth forms, generally better adapted to high wave

energy (Koehl et al., 2008). It may be more desirable to cultivate
FIGURE 2

Harvest of sugar kelp (Saccharina latissima) at an experimental
seaweed farm, Scotland. This farm utilizes the traditional submerged
longline design. Photo credit: A. O’Dell (Scottish Association for
Marine Science).
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species that are able to adapt to grow in high energy environments

and maintain high biomass, such as the kelp species L. hyperborea

and A. esculenta (Pedersen et al., 2012; Stamp, 2015; Smale and

Vance, 2015).

Seasonal variations in the individual kelp biomass and surface

area can decrease effects of wave action, whereby a loss in kelp tissue

due to erosion or spore production results in less storm-generated

drag so that the kelp is less prone to detachment and better able to

withstand peak water velocities (de Bettignies et al., 2013, 2015).

Peak water velocities and minimum individual biomass both occur

over the autumn-winter season. This reflects the kelps adaptive

response to severe hydrological impact. Kelp survival is also

enhanced by a strong holdfast attachment to the substrate,

although holdfast fatigue can occur over time with maturity

(de Bettignies et al., 2015). Indeed, resilience to high wave-energy

environments can change with life stage, where young plants and

old plants are both at higher risk of dislodgement (Thomsen et al.,

2004). Increased storms can thereby influence choice of deployment

times, as optimal nutrient and light conditions for holdfast

development in autumn in the Atlantic region coincide with

periods of increased storms during which early life stages may

become easily dislodged (Kerrison et al., 2015). Despite the

increased risk of breakage through entanglement and drag, high

wave-energy can increase NPP in certain species of kelps (Smale

et al., 2016; Pedersen et al., 2012), though high energy storms in

coastal areas can also reduce light availability through sediment

turbidity, decreasing NPP (Franke et al., 2023).

2.2.2 Freshwater input and flooding
With increasing incidence of storms and cyclones also comes

the increased risk of flooding and freshwater input to surface waters

(Marsooli et al., 2019). Freshwater runoff from terrestrial systems

can temporarily decrease the salinity in near-coastal waters and

impact biodiversity (Gillanders and Kingsford, 2002). In polar

regions, seasonal increase of ice melting may also contribute to

freshwater influxes (IPCC, 2023; Timmermans and Marshall, 2020).

Riverine runoff can also cause nutrient influxes as well as decreased

light availability due to increased turbidity (Gillanders and

Kingsford, 2002). All these factors may influence growth and

performance of seaweeds and are thus re levant for

seaweed aquaculture.

Lowered salinity can cause considerable damage to a seaweed

crop, depending on the severity of the salinity fluctuation and the

species involved. Euryhaline species with high tolerance for salinity

changes such as Ulva sp. and red seaweeds including Gracilaria sp.

could be good candidates for aquaculture near major river mouths

(Glauco et al., 2024; Yu et al., 2013). However, many of the species

currently targeted for aquaculture in the Atlantic, for instance many

Laminarian species, have a lower tolerance for reduced salinity. For

example, E. radiata kelp forests have been reported to decline as a

result of increased rainfall and flooding off the Australian coast

(Davis et al., 2022b). Adverse effects of reduced salinity can also be

compounded by temperature or light stress (Monteiro et al., 2021;

Diehl et al., 2020; Spurkland and Iken, 2011). Some kelp

sporophytes endemic to the Arctic display a tolerance to low
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salinity (5-33 ppt) offering potential candidates for aquaculture

in low salinity environments (Muth et al., 2021). Whilst under

osmotic stress, brown algae can synthesize mannitol, a low

molecular weight carbohydrate, which acts as an osmolyte and

prevents damage from low salinities (Iwamoto and Shiraiwa, 2005;

Diehl et al., 2023). Other compositional changes observed in brown

seaweeds include a higher percentage of fermentable sugars (glucose

and mannitol) due to low salinity in S. latissima and L. digitata as

opposed to higher biomass and protein content at high salinity

(Nielsen et al., 2016). The effect of salinity on biochemical

composition varies with species and populations (Diehl et al.,

2023), highlighting the need for further research in this area on

aquaculture species.

Increase in frequency and severity of extreme weather is also

predicted to cause deterioration in water quality in coastal areas,

through enhanced runoff, flooding events and upwelling (Nazari-

Sharabian et al., 2018). Though seaweeds can mitigate nutrient and

pollutant increase through absorption, the increased variability in

nutrient loading in coastal waters has also been directly linked to the

establishment of invasive algal species in new areas (Incera et al.,

2009; Bermejo et al., 2020). Nutrient loading can increase growth of

faster growing invasive species on and near slow-growing cultivated

species. This in turn leads to a reduced quantity of the biomass

produced and a competition for nutrients, light and space (Pedersen

and Borum, 1996). Flooding can cause epiphytes and diseases to

decrease crop yields, which makes them unsuitable for harvest and

consumption and may have consequences for food security (Behera

et al., 2022; Ward et al., 2020). In addition to nutrient runoff and

eutrophication, decreased clarity of seawater due to sediment

discharge may majorly impact upon the production of seaweed

farms, as it does in natural seaweed beds (Tait et al., 2021). This is

especially relevant in more urbanized areas, where many river-

linked systems have already experienced a lowering in water clarity,

also called coastal darkening, such as the North Sea. Coastal

darkening can reduce carbon acquisition up to 95% in kelps,

which has major consequences for kelp farming in coastal areas

(Blain et al., 2021). Research shows that despite a decrease in light

availability, good crop yields may still be obtained in certain

seaweed species due to greater nutrient availability (van der

Molen et al., 2018).

2.2.3 Marine heatwaves
As well as driving an increase in average SST, climate change

also contributes significantly to the increased frequency and

intensity of marine heatwave events (defined as spikes of

anomalous temperatures lasting at least five consecutive days)

(IPCC, 2023; Sen Gupta et al., 2020). In the last century, marine

heatwaves have doubled in intensity and duration (Oliver et al.,

2018). These heatwaves can cause direct mortality of seaweeds and

can favor the establishment of non-native or invasive species

(Atkinson et al., 2020). Marine heatwaves have been directly

linked to increased incidence and susceptibility to algal diseases,

pests, and epiphytes, including the tropical bacterial disease ‘ice-ice’

in Kappaphycus sp. and Eucheuma spp (Largo et al., 2017). Ice-ice is

a major disease of Kappaphycus and has been reported to have
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caused local losses on farms in Indonesia of up to $17,300–18,500

USD, and amounting to an estimated $100 million USD losses

annually in the Philippines (Ward et al., 2020, 2022).

Short-term thermal stress may alter both productivity and

biochemical composition of cultivated seaweeds. Short-term

temperature stresses have been linked to reduced product quality

in K. alvarezii, in particular in terms of the yield and characteristics

of extracted carrageenan (Kumar et al., 2020). Likewise, brown

seaweeds can reduce photosynthesis, protein and total fatty acid

content in response to heatwaves (Britton et al., 2023; Nepper-

Davidsen et al., 2019). On the other hand, certain species have

shown no change in their biochemical composition in reaction to

marine heatwaves (Shalders et al., 2023). Most research on marine

heatwaves to-date has focused on the effects on natural seaweed

populations (Smith et al., 2024, 2023; Smale et al., 2019), pointing to

a knowledge gap on how marine heatwaves will affect chemical

composition and productivity of farmed seaweed. These studies

often mark warm-edge populations as most vulnerable to marine

heatwaves, indicating that site selection should ideally be in the

center range of the species of interest. Sudden loss of crops or

disease outbreaks may be linked to marine heatwaves, but further

evidence is required. In addition, seaweed farms are often located in

sheltered areas which may be more exposed to localized surface

warming, especially in areas of reduced tidal exchange. More

fundamental and applied research is essential to enable technical

and strategic mitigation strategies, such as lowering growing lines to

cooler waters, to be proactively employed before marine heatwaves

occur, thereby minimizing damage and economical loss to

seaweed farms.
2.3 Challenge 3: disease and herbivory

2.3.1 Disease
Physiological impacts from the changes in temperature, salinity,

and CO2 on seaweeds are often compounded by increased disease

and pest susceptibility due to cumulative physiological stresses and

reduced fitness (Largo et al., 2017; Qiu et al., 2019). Increased

disease susceptibility can also be caused by environmental factors

that disturb the microbiota that naturally occur on the seaweed,

termed ‘dysbiosis’, which then leaves the seaweed vulnerable to

invasion of pathogenic microbes (Egan and Gardiner, 2016). For

example, decreased survival in the seaweed Delisea pulchra was

caused by warmer waters, inducing stress and increasing its

susceptibility to bacterial infection. This then led to an increased

occurrence of bleaching events, which in turn further damaged and

stressed the seaweed (Campbell et al., 2011).

Research on diseases in seaweed species has so far focused on

species of aquaculture interest (Gachon et al., 2010; Ward et al.,

2020). Of these, there is more research available on tropical species,

such as Kappaphycus and Eucheuma species, including the

widespread infection that commonly afflicts them, ‘ice-ice’

(Behera et al., 2022). Ice-ice presents a clear example of ocean-

warming induced disease spread, as stock is more susceptible to

infection with ice-ice during spikes of warming or heatwave events

(Largo et al., 2017). For example, a significantly higher susceptibility
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to ice-ice (from 0 to 100% infection) following just one week of >30°

C water temperatures was shown in lab studies of K. alvarezii

(Largo et al., 1995). Similar patterns of association between disease

outbreaks in Kappaphycus and Eucheuma sp. and heatwave events

or spikes of low salinity have also been observed in natural

populations and on cultivation lines (Pang et al., 2015; Ndawala

et al., 2022).

There is less available knowledge on prevalent diseases and their

interactions with environmental factors in temperate species

currently used in Atlantic aquaculture (but see Ward et al., 2020).

White spot disease in S. japonica causes blisters and white spots on

the front, and can decrease iodine and crude protein content by

~20%, as well as lower photosynthetic pigment concentrations and

daily growth rates (Wang et al., 2021). Green rotten disease

meanwhile strikes early, mostly affecting S. japonica juveniles (Li

et al., 2020). Cataloguing different pathogens has mainly focused on

bacteria and fungi. Epiphytes and viruses may also cause

considerable damage and need further research attention (Behera

et al., 2022; Matsson et al., 2019). Creative solutions need to be

developed to minimize the threat of crop diseases under ocean

change and foster collaboration. A fantastic, albeit short-lived,

example of this was the web-portal where farmers can report

seaweed disease and send samples found on their farms

(Strittmatter et al., 2022). Lessons can be learned from some of

the problems encountered with tropical seaweed aquaculture, where

the extensive use of cloning has reduced the gene pool and is

thought to have lowered disease resistance (Valero et al., 2017).

However, solutions can also be found in tropical aquaculture, for

example, usage of mixed crops which can enhance resilience to

diseases (Pang et al., 2015).

2.3.2 Herbivory
Grazing is a well-known mechanism controlling the range and

productivity of natural seaweed beds (Ling et al., 2015; Vergés et al.,

2016; Dayton et al., 1984). Despite extensive attention on the effects

of grazing on wild seaweed populations, little is known about the

effects of herbivory on commercially grown seaweeds in the North

Atlantic (Behera et al., 2022). As with diseases, most of the

knowledge is concentrated around the tropical species

Kappaphycus and Eucheuma. Grazing of these cultivated species

can lead to tissue damage, and thus crop loss (Mantri et al., 2017),

but also an increased risk of further infection (Tan et al., 2020).

Grazing can trigger the seaweeds defense mechanisms, which in

turn can change the biochemical composition of the crop and may

lower the nutritional or palatable quality of the products (Cruz-

Rivera and Villareal, 2006; Toth et al., 2007). As an example, many

brown seaweeds increase phlorotannin content as a reaction to

grazing (Pavia and Toth, 2000; Taylor et al., 2002).

In the context of climate change, there are certain factors which

may exacerbate grazing activity on commercial farms.

Topicalization is the movement of tropical species into temperate

habitats, where they can cause substantial damage to seaweed beds

(Vergés et al., 2016). Tropical fish can cause more extensive damage

than native species, as they are adapted to feed continuously and are

able to remove large portions (60 - 97%) from seaweed systems

daily (Hay and Fenical, 1988). In tropical reef systems, this
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maintains a balance between coral and seaweed abundance

(Bellwood and Fulton, 2008). However, in temperate reef

environments, this mode of grazing can often be unsustainable

and detrimental to seaweed populations (Vergés et al., 2016;

Bennett et al., 2015). Atlantic fish assemblages are shifting

towards more warm water affiliated species (Chust et al., 2024;

Horta e Costa et al., 2014). The inclusion of large-scale farms in

these temperate environments may allow tropical grazers to flourish

in these regions under ocean warming, potentially acting as initial

foothold habitats for invasive species and resulting in spillover to

natural seaweed populations. In addition, metabolic theory predicts

that increased temperature increases oxygen consumption (Gillooly

et al., 2001), which can lead to increased consumption in some

grazers (Leung et al., 2021; O’Connor, 2009; Carey et al., 2016).

Chemical defense mechanisms against grazers may also be reduced

under warming and acidified conditions (Kinnby et al., 2021).

Compounding factors such as these may exacerbate grazing

impact on seaweed farms under ocean change.

Grazing by herbivorous fish in temperate aquaculture systems

has already been observed on S. latissima and U. pinnatifida

(Peteiro and Freire, 2012). The types of grazers that may affect

seaweed farms will depend on the location of the farm. With

inshore farms, it is expected that similar grazers to those of

natural seaweed beds will interact with the farmed seaweed, both

macrograzers (e.g. fish and sea urchins) and mesograzers (small

crustaceans and gastropods). However, with the introduction of

open ocean seaweed farming, novel interactions between grazers,

epifauna and the farmed seaweed may occur. Currently, there are

very few offshore, open ocean farms in operation but there is

considerable interest given the spatial scale needed to make

seaweed farming more economically viable (Visch et al., 2023;

Bak et al., 2020). It will be vital to thoroughly research any

potential interactions harmful for either the farmed seaweed or

the environment at large before open ocean aquaculture ventures

are carried out at scale.
3 Opportunities

As the effects of climate change become more severe, there is a

greater drive for researching potential solutions and adaptations in

seaweeds to changing climate conditions. With increasingly

sophisticated oceanographic and climate modelling, future

conditions at potential cultivation sites may be more accurately

predicted to assist in the selection of seaweed aquaculture sites and

species with changing oceans in mind. In the era of ‘omics’

approaches, there are opportunities in breeding and trait selection

for climate resilience, as well as enhancing performance through

targeted microbe treatments (Li et al., 2023; Kim et al., 2017). And

finally, the capacity and motivation to restore natural seaweed

habitats has increased with the public awareness that many

seaweed ecosystems are under threat from climate change (Eger

et al., 2023). Many individual restoration projects have sprung up

worldwide in recent years, however technical challenges remain in

terms of scale and feasibility (Coleman et al., 2020b). Here we

highlight the benefits from closer collaboration between restoration
Frontiers in Marine Science 08
and aquaculture ventures and investigate the use of restorative

approaches in aquaculture beneficial to both industry and the

environment it depends on.
3.1 Opportunity 1: ‘future-proof’
site selection

Site selection is the first barrier to overcome when starting a new

seaweed cultivation operation. The environmental conditions of the

site must include the suitable range for the chosen species over the

cultivation cycle in order to ensure adequate crop quantity and

quality (Kerrison et al., 2015). This will include seawater

temperature, salinity, nutrient and light levels, as well as prevalent

current and wave regime. However, environmental conditions are

set to shift in response to climate change, which will affect not only

existing aquaculture operations, but also the siting of future

developments. With careful consideration, sites and species can

be selected with an eye on future climate conditions.

3.1.1 Site considerations in a changing climate
Current cultivation sites in the North Atlantic are often

positioned in naturally sheltered, coastal and estuarine

environments to facilitate operations and minimize wave and

storm damage. The physical resilience of aquaculture

infrastructure and gear (such as anchored lines or mooring

systems) must be modified to withstand increased loading and

mechanical failure due to storm surge damage such as increased

wave current velocities, high winds and large waves (Bricknell et al.,

2021). For example, infrastructure designs may be optimized to

dissipate wave energy and take into consideration local

geomorphology and hydrology to select sheltered sites at peak

storm surge timings. As such, a farm site can even protect the

shoreline from damaging wave action and increase coastal resilience

(Zhu et al., 2021). However, the selection of such sites is not

straightforward. With increased storms, increased flooding is

expected to affect tide-surges in estuarine and coastal systems, for

which there is currently a lack of accurate modelling capacity

(Bricknell et al., 2021). Resolving these issues through improved

modelling may greatly improve spatial planning of seaweed farms

with consideration given to future storm and flooding events.

Another important consideration with regard to increased

flooding is the increased influx of freshwater and decreased

salinity, which can have detrimental effects on seaweed beds

(Davis et al., 2022b). Choosing sites with higher vertical mixing

and/or upwelling may better help mitigate against the impact of

osmotic stress, as they restore salinity to ambient levels.

Alternatively, cultivation of seaweed at greater depths, with

adjustable depth control, or on offshore sites may resolve some of

these issues as salinity is more stable at greater depths and offshore

(Stammer et al., 2021). Light may become limited at greater depths,

though successful cultivation and greater depths have been reported

from pilot off-shore farms as water clarity often improves offshore

(Bak et al., 2020).

Increasing average SST, as well as increased occurrences of

marine heatwaves, may make sites unsuitable for the cultivation of
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certain species in the near future. However, suitable management

plans can help to mitigate negative outcomes. Marine heatwaves can

be forecast with reasonable accuracy up to one year in advance (Jacox

et al., 2022). Digital resources, such as www.marineheatwaves.org,

which can be used for real-time monitoring and future prediction of

marine heatwaves, are becoming an increasingly powerful tool for

preventative strategies and policies. For example, both the United

States and Australia recently implemented nationwide marine

heatwave briefings designed to aid the shellfish aquaculture

industry in mitigating damage (Hobday et al., 2023). As the

seaweed aquaculture industry uses controlled environment

nursery systems for seed-line production, operations may choose

to deploy later in the season if heatwaves are predicted to occur at

the time of deployment. This delayed deployment however comes at

the cost of greater risks of autumn storms and increased light

limitation during the critical early grow-out stage.

3.1.2 Future range shifts of Atlantic
commercial species

With increasingly sophisticated models of historic and future

natural kelp distributions, a clearer picture emerges of where net

gain/loss in kelp biomass will occur under long-term ocean

warming (e.g. Krumhansl et al., 2016; Davis et al., 2022a;

Goldsmit et al., 2021; Gouvêa et al., 2024; Assis et al., 2024,

2022). However, analysis of range shifts that focus specifically on

commercially important species in the context of seaweed

aquaculture remain scarce (but see Assis et al., 2018; Wilson

et al., 2019). We, therefore, present a case study where we project

future distributions based on thermal niche of five commercially

important species in the North Atlantic; L. digitata, A. esculenta, S.

latissima, L. hyperborea and Palmaria palmata. Projections use the

ssp370 medium-high warming scenario and project to a near-future

of 2070 (methods fully described in Garcıá Molinos et al. (2016); see

also Supplementary Material for clarification).

Climate velocity trajectory (CVTs, Figure 3) models show

projected losses at warm edges of species ranges and gains at cold

edges. Together, these approximate the simple predictions of shifts

in the isotherms corresponding to thermal limits. Losses at warm

edges were projected to be severe for some species. They include a

complete loss by 2070 of L. hyperborea and S. latissima from

northern Spain (Figures 3C, E), reduction in range in the same

area for P. palmata (Figure 3D), and extensive loss of range in

southwest Britain, Ireland, and France for A. esculenta and L.

digitata (Figures 3A, B). Importantly, the projected distributions

indicate that large parts of the UK, Ireland and North America will

be unsuitable for growing A. esculenta by 2070, and parts of Spain

and France unsuitable for S. latissima, both species being currently

favored in Atlantic aquaculture (Figure 1). A shift in the species

considered for aquaculture to more thermally tolerant species, for

example L. ochroleuca and S. polyschides, may mitigate some of

these losses (Casado-Amezúa et al., 2019).

CVT models suggest that all species examined would have

newly suitable areas for growth at the cold edges of their

distributions. Range expansions in the sugar kelp S. latissima and

winged kelp A. esculenta may occur in the Russian Arctic, but less

area appears suitable in Greenland and the Canadian Arctic.
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Aquaculture activity will not be limited by considerations of

population connectivity and available rocky substrate, although

use of species in newly thermally suitable areas may be limited by

other factors. Most importantly among these are water clarity,

salinity fluxes and the extreme seasonality of light availability,

which may be a constraint for poleward expansion of cold-

temperate species of seaweed (Filbee-Dexter et al., 2019) and thus

cultivation of seaweed in these regions. For example, Laminaria

solidungula is endemic to the Arctic, though kelps common in the

Atlantic and suited for aquaculture such as S. latissima, A. esculenta,

and L. digitata grow in the Arctic as well (Wiencke and Amsler,

2012; Filbee-Dexter et al., 2019). Generally, if a kelp is a seasonal

anticipator (starting growth and reproduction under short-day

conditions in winter and early spring, anticipating summer

conditions) they may fare well under Arctic conditions, where

long daylight coincides with low nutrient conditions (Wiencke

and Amsler, 2012; Kain, 1989). This growth under suboptimal

light conditions is facilitated by the storing of carbon acquired

during summer periods, in the form of laminarian and/or lipids,

thus potentially changing biochemical composition compared to

temperate kelps (Scheschonk et al., 2019; Olischläger et al., 2014).

Many kelps growing in the North Atlantic originated in the Pacific

with multiple crossings of the Arctic occurring in their evolutionary

past (Starko et al., 2019), while recent genomic data shows that

kelps persisted through several periods of glaciation (Bringloe et al.,

2022). This indicates that North Atlantic kelps may already be

adapted to grow under future polar conditions. Trials with

commonly cultured species under darkness would be beneficial to

understand the constraints of expanding seaweed aquaculture into

the Arctic as more areas become continuously free of sea ice.
3.2 Opportunity 2: advances in breeding &
microbiome manipulation

3.2.1 Breeding and hybridization
Advances in genomic research on seaweeds has greatly

expanded the toolkit available for breeding desirable traits in

seaweeds. So far, many of the breeding efforts in seaweeds have

been focused on increased biomass and growth, and most available

knowledge is on the few species grown in large quantities in Asia,

predominantly of the genera Gracilaria, Porphyra, Saccharina,

Undaria and Ulva (Patwary et al., 2021). Through a mixture of

self-fertilization, cross breeding between populations, and selection

of well-performing offspring, strains of S. japonica and U.

pinnatifida now exist in China and Korea that yield far higher

growth and dry biomass weights than in early cultivar lines (Li et al.,

2016a; Shan et al., 2016; Li et al., 2016b). The number of available

seaweed genomes for commercially grown species has also

increased rapidly in the past decade offering platforms for further

genetic breeding programs (Wang et al., 2020; Nelson et al., 2024).

A recent leap in sequencing effort has made a further 110 seaweed

genomes publicly available, spanning 105 different species (Nelson

et al., 2024). Among cultivated seaweeds, several have been

successfully genetically modified to express recombinant proteins,

including S. japonica, U. pinnatifida, K. alvarezii, Porphyra
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yezoensis and Ulva lactuca (Trujillo et al., 2024). Recently, CRISPR-

Cas9 has been used to successfully gene edit Ectocarpus and S.

japonica gametophytes which were able to produce sporophytes,

paving the way for further gene-editing studies (Shen et al., 2023;
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Badis et al., 2021). The use of transcriptomics, metabolomics and

proteomics are still in their early stages for most seaweeds

compared to terrestrial crop species (Patwary et al., 2021).

However, exciting advances have been made in recent years
FIGURE 3

Projected geographical distributions of North Atlantic aquaculture species by 2070 under the medium-high ssp370 warming scenario from shifts in
isotherms from present-day range locations. Maps show projected changes for (A) Alaria esculenta, (B) Laminaria digitata, (C) Laminaria hyperborea,
(D) Palmaria palmata, and (E) Saccharina latissima. New areas of habitat (Gain, blue) are where conditions become climatically suitable, while habitats
lost (Loss, red) are where future temperatures are likely to exceed maximum baseline temperatures within the distribution range. Stability (brown) is
indicated where populations persist.
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which offer potential solutions to the challenges presented by

climate change, which are discussed below.

With increasing pressure from climate change, there has been an

increased effort to discover and characterize environmentally resilient

strains of seaweeds for cultivation. Onemajor advance in this area has

been the identification of the molecular basis of stress responses in

several species of seaweed, such as heat shock proteins (HSPs)

(Hammann et al., 2016; Eggert, 2012; Smolina et al., 2016). HSPs

are key players in stress response in land plants and protect cells from

damage due to heat (and other) stress (Timperio et al., 2008). Stress-

related transcriptomic studies have mostly been carried out on red

seaweeds, paving the way to understanding the molecular basis for

stress resilience in algae more widely. For example, P. yezoensis

displays upregulation of HSP under increased temperature stress

(Sun et al., 2015). More recently, transcriptomic analysis showed that

thermal resilience is higher among outbred crosses of L. digitata,

which was underpinned by differentially expressed genes (Liesner

et al., 2022). Interestingly, whilst inbred and outbred crosses

performed similarly physiologically, the underlying protein

expressions were different, indicating a divergent metabolic

pathway to cope with temperature stress (Liesner et al., 2022). Such

use of transcriptomics in breeding experiments under heat stress

provides invaluable data that may be further used in targeted

molecular breeding.

Huang et al. (2022) trialed genomic selection in kelp breeding in

S. latissima, where genotyped gametophytes were used to grow

sporophytes, which were then evaluated for desirable traits such as

increased wet and dry weight. The next breeding cycle used genetic

selection to perform optimal crosses with gametophytes containing

beneficial traits as defined by genotyping. Genetic selection at the

gametophyte stage was successful which resulted in higher yields

(weight, length) in farmed sporophytes, the effects of which

increased over several breeding cycles, indicating genetic gain

(Huang et al., 2023). Some roadblocks to successful use of genetic

selection in seaweed breeding still remain, e.g. difficulties in

upscaling bulk cultures of gametophytes, improving spore

survival, and in inducing spore release of desirable sporophytes to

start the next breeding cycle (Huang et al., 2022). If these roadblocks

can be overcome, genetic selection may be useful in the selection of

climate stress resilient strains for future deployment. Furthermore,

legislation around breeding and genetic modification in kelps is not

yet well-defined in many countries, and should be underpinned by

knowledge on genetic variety in local populations, as well as the

scale of genetic impact from farm to wild populations (Goecke

et al., 2020).

Whilst many of these advances can help make seaweed farms more

resilient to ocean change, care should be taken to not negatively impact

genetic diversity in natural seaweed beds (Campbell et al., 2019; Hu

et al., 2023). The widespread use of clonal monocultures, as well as

threats from climate change, can result in the loss of wild genetic

resources that underpin climate resilience (Goecke et al., 2020;

Coleman et al., 2020a; Valero et al., 2017). Efforts to map wild

genetic diversity in seaweed species of cultivation interest are

improving (e.g. Fouqueau et al., 2024), alongside efforts to biobank

and preserve wild genetic resources for future use (Wade et al., 2020;

Brakel et al., 2021). Taking note of genetic diversity within farms may
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not only help in preserving genetic diversity of wild populations but can

also enhance resilience of the farmed species to climate change.

Through hybridization, which may preserve genetic diversity,

physiological performance under stress can be increased (Goecke

et al., 2020; Hu et al., 2023). This has been shown in multiple kelp

species (e.g. Martins et al., 2019; Murúa et al., 2021; Hara and Akiyama,

1985) and Porphyra (Kim, 2011). Interestingly, fecundity inM. pyrifera

gametophytes appears influenced by the degree of relatedness, as well

as population of origin (Camus et al., 2021; Solas et al., 2024). This

indicates that interpopulation breeding may also benefit productivity at

the nursery stage, depending on the population of origin.

3.2.2 Priming of early life history stages
Another promising avenue for advancing stress tolerance of

broodstock is through priming the early life history stages of

seaweed with sublethal levels of stress, so that the subsequent adult

generation is more resilient to that stressor (Jueterbock et al., 2021).

As this can be done without the need for inbreeding or performing

outcrosses, this does not increase risk of genetic depression in either

farmed or natural populations. The molecular basis for priming is

relatively well established in agriculture practices, where this

technique is routinely used to enhance crop stress resilience (Liu

et al., 2022a). Exposure to heat stress, for example, triggers certain

genes to switch on, which is retained in later life stages through

epigenetic modification such as methylation (Liu et al., 2022a).

However, as seaweeds often have several life history phases, the

basis of passing on ‘stress memory’ diverges from that of land plants.

Recently, cold-priming of L. digitata gametophytes was shown to

improve thermal resilience in the sporophyte generation, which is

thought to be a result of epigenetic modification (Gauci et al., 2022).

Increased methylation under both cold and warm temperature stress

has been found in G. lemaneiformis (Peng et al., 2018). In S. latissima,

methylation patterns were associated with culturing conditions, and

differed significantly from field samples, as well as differing between

populations of origin, showing the importance of environment in

determining methylation patterns (Scheschonk et al., 2023). In S.

japonica, heat stress caused an increase of methylation, which in turn

regulated genes connected to heat stress response such as the

production of HSPs (Liu et al., 2023a). Cross-stressor use of

priming has also proven effective in A. esculenta, where high light

doses during early cultivation decreased the thermal stress response

of sporophytes (Martins et al., 2022). These results indicate that

priming may be an effective and relatively easy to achieve method of

increasing thermal resilience in seaweed stocks used for aquaculture.

However, the effect of priming has only been tested in gametophytes

and juvenile sporophytes. Whether the increased resilience to

temperature stress from priming carries over into adult cultivated

sporophytes remains to be tested.

3.2.3 Microbiome manipulation in the
nursery stage

There is increasing research interest in the role of microbiota on

the physiology and ecology of the seaweed host. The microbial

community and the host, together termed the holobiont, can be

considered as one functional entity responding and adapting to

environmental change (Egan et al., 2013; van der Loos et al.,
frontiersin.org

https://doi.org/10.3389/fmars.2024.1483330
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Veenhof et al. 10.3389/fmars.2024.1483330
2019a). As microbes have short generation spans, they can be of use

in accelerating adaptation to environmental change in the host

organism and, as such, have received attention in the context of

climate change adaptability of seaweeds (Eger et al., 2022;Wood et al.,

2019). As early as the 1980s, research on Ulva sp. showed abnormal

development of morphological characteristics when changing the

epibiotic community associated with the Ulva host (Provasoli and

Pintner, 1980). Since then, research has expanded to characterize,

identify and isolate beneficial strains of microorganisms involved in

seaweed growth and disease resistance. A recent review by Li et al.

(2023) outlines a pathway for using microbiota manipulation for

improving the seaweed aquaculture industry. Here, we focus on some

studies that have the potential to increase climate change resilience of

cultivated species.

Disease resistance is one major pathway in which microbiota

can be exploited to increase climate change resilience of cultivated

seaweed species. For example, identification of a bacterial strain

(Phaeobacter sp. BS52) that protects against opportunistic harmful

microbial invasion causing bleaching in Delisea pulchra (using the

model pathogen Aquimarina sp. AD1) shows a potential pathway of

enhancing disease resistance through manipulation of microbial

communities (Li et al., 2022a). As D. pulchra is more susceptible to

pathogens under elevated temperature, the addition of BS52 may

enhance its resilience to ocean warming. Moreover, the beneficial

effects of BS52 were applicable to a non-native host, Agarophyton

vermiculophyllum, where inoculation worked better in reducing

harmful effects of a bleaching disease as compared to its native

microbiota (Li et al., 2022b). In S. japonica, differences in associated

microbiota between healthy and infected juvenile sporophytes offer

the potential for developing microbial inoculates to enhance

resistance against white bleaching disease, which has a damaging

effect on the nursery stages of this cultivated kelp (Ling et al., 2022).

Based on this, a beneficial strain of bacteria was isolated (Vibrio

alginolyticus X-2) which increased S. japonica’s immune response

and disease resistance via changing the transcriptome and

metabolome of inoculated juvenile sporophytes (Ma et al., 2023b).

Inoculation of early life history stages may be an effective way of

improving overall disease and climate resilience in cultivated species,

as this can be done in vivo in nursery facilities, and whole broodstocks

can be treated at once. There are, however, some significant knowledge

gaps in how effectively the microbiota transfer from one life stage to

the next. Recently, some indication was found that the parent

microbiota transfers to the gametophyte in M. pyrifera, as there was

a significant effect of population of origin on the microbiome of

gametophyte cultures (Osborne et al., 2023). In addition, strains were

identified (within theMesorhizobium genus) that were associated with

increased biomass acquisition in the sporophyte stage (Osborne et al.,

2023). Contrastingly, Davis et al. (2023) found little to no transference

of nursery gametophyte microbes to the out-planted sporophytes of A.

marginata and S. latissima. Instead, species, time of year and source

microbiota influenced the associated microbiota on cultivated

sporophytes (Davis et al., 2023). Recruitment of microbial

communities in cultivated Sargassum fusiforme seedlings was also

mostly governed by stochastic processes (Liu et al., 2023b).

There is increased evidence that the microbiota of the seaweed

holobiont plays a role in the response of the host to thermal stress.
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The ability to maintain stable microbiota through host selection

under thermal stress was linked to invasiveness in G.

vermiculophylla (Bonthond et al., 2023). Thermal stress also

changes the microbiota of Cystoceira compressa and E. radiata,

among other species, which subsequently affects both growth and

photosynthetic capability (Qiu et al., 2019; Mancuso et al., 2023).

However, direct evidence for microbial inoculation increasing

thermal resilience is still lacking. Juveniles of Dictyota dichotoma

did not perform better when inoculated with a mix of naturally

occurring microbiota, neither did the inoculum affect the epibiota

(Delva et al., 2023). However, this may have been due to the

sourcing of the inoculum, which was taken from seawater at the

same temperature as the lower thermal treatment. This shows that

ample opportunity still exists to examine the potential of enhanced

stress tolerance in seaweeds via microbiota manipulation, and

conflicting results point to knowledge gaps defining the

underlying mechanisms of the role of microbiota in seaweed

stress resilience.
3.3 Opportunity 3: restorative aquaculture

While seaweed aquaculture production continues to accelerate,

there is an increasing awareness of the simultaneous threat to

natural seaweed beds from changing climate. Initiatives to restore

natural seaweed ecosystems have developed worldwide in the last

few decades (e.g. Eger et al., 2023; Vergés et al., 2020; Chung et al.,

2013). However, large-scale restoration projects are still rare. There

are some success stories, for example active restoration of 500-800

hectare of seaweed habitat in Korea and Japan (Eger et al., 2020),

8500 hectares of macrophyte habitat (also including seagrass) in

China (Liu et al., 2022b) and the protection of 30,000 hectares of

kelp habitat for rewilding in the English Channel (Williams et al.,

2022). While these are all steps in the right direction, large scale

restoration will need significant investment of both time and

monetary funds, as well as technological advances in growing and

breeding seaweeds (Eger et al., 2020). There is an opportunity for

collaboration between aquaculture and restoration projects, as

investment and technical advances will be more likely to develop

in the aquaculture sector. This synergy is required so that maximum

benefits can be derived from restorative approaches to seaweed

aquaculture, which will be discussed in this section.

3.3.1 Co-culture
Improving resilience in both aquaculture and restoration

projects may be boosted by using co-culture techniques rather

than growing one target species for restoration and cultivation.

There are not many studies available yet which examine a more

ecosystem-based approach to growing seaweed, such as is being

trialed in agriculture with the use of restorative and permaculture

practices (Corrigan et al., 2022). However, there are some studies

that indicate that diversifying crops grown in aquaculture facilities

can increase yield. For example, co-culture of Kappaphycus sp. with

Euchema denticulatum increased resistance against ice-ice during

the summer months, when chances of infection rise with ocean

temperatures (Pang et al., 2015). In their study, co-culturing was
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achieved by alternating longlines growing one species each, and

infection rates of ice-ice and the epiphyte Neosiphonia savatieri

were reduced from ~80% in individually cultured species, to ~14%

in co-culture (Pang et al., 2015). Furthermore, the co-culture of

cultivated seaweeds with species that are non-palatable to grazers

such as Caulerpa and Halimeda spp. also decreased grazing of

Gracilaria sp. by herbivores (Ganesan et al., 2006). Co-culture may

thus increase resilience to ocean-warming induced disease, while

also increasing the potential increasing derived biodiversity benefits

of a seaweed farm by increasing macroalgal diversity.

This concept may be extended to co-culture with species of

shellfish or finfish, which has been more widely researched.

Integrated multitrophic aquaculture (IMTA) may have further

knock-on benefits for the local system it is placed in by absorbing

nutrients and dissolved CO2 (Duarte et al., 2022; Kim et al., 2017; Ross

et al., 2023). This lowers pH locally and provides a chemical refuge for

marine calcifiers such as shellfish, limiting low saturation levels of

aragonite (WArag) and thus lowering the risk of shell dissolution

(Fernández et al., 2019; Falkenberg et al., 2021). In turn, the shellfish

provide additional nutrients (e.g. nitrate, urea, phosphate) for seaweed

growth, thus increasing the potential for large-scale macroalgal

cultivation and providing economic benefits for both the seaweed

and shellfish farm. However, the pH-buffering capacity of seaweeds is

highly species-specific and depends on the local community structure

and prevailing hydrodynamic conditions (Ricart et al., 2023). Some

studies show a significant increase in pH, O2 and WArag in seaweed

farms which can increase shellfish growth, as well as large fluctuations

in pH hypothesized to help shellfish adapt to acidification (Xiao et al.,

2021; Li et al., 2021; Young et al., 2022). Others have found no benefits

derived from co-culturing shellfish with several species of seaweed (Leal

et al., 2024). Overall, more research is required in this area, particularly

regarding the cumulative effect of OA and warming on seaweed

performances. Often the negative impact of ocean warming
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outweighs any beneficial effect of acidification (Graba-Landry et al.,

2018; Britton et al., 2020; Wahl et al., 2020). In addition, a better

understanding is needed for the co-culture of shellfish and seaweeds

regarding target species and productivity rates and their interactions

with local environmental factors.

3.3.2 Restoration and cultivation co-benefits
Besides bio-buffering in a commercial IMTA context, seaweed

farms may also be used as a pH buffering strategy in naturally

occurring ecosystems which rely on calcifying species (e.g. coral

reefs, maerl beds, oyster reefs). These species are most vulnerable to

OA as their structural integrity is threatened by lowered oceanic pH

(Doney et al., 2009). For example, seaweed farming partially

mitigated OA in a coral reef ecosystem, but mitigation success (in

terms of maximum increase in pH and WArag) depended on the

optimum location, size, seaweed density and harvesting strategy of

the farm (Mongin et al., 2016). To the best of our knowledge, this is

the only study that has investigated benefits of acidification in the

context of coral reefs, but the projected co-benefits certainly warrant

further research.

Other ways in which restoration and aquaculture industries

can benefit from collaboration is through knowledge sharing and

generating funds to achieve successful restoration. Certainly, one

of the main roadblocks to many restoration initiatives is lack of

funding, as well as technical knowledge and facilities for

cultivating seaweeds on a large scale (Eger et al., 2020). The

aims of aquaculture and restoration industries are distinct:

where aquaculture may be concerned mostly with increasing

biomass and composition of the product, restoration is

interested in successful transference of ecosystem-wide benefits.

There are, however, some areas in which these two industries

overlap. For example, both industries will benefit from climate-

proof solutions to cultivation, maintaining genetic variety in
FIGURE 4

Summary of strengths and weaknesses of seaweed cultivation in the context of climate change, and the opportunities and challenges facing the
seaweed industry.
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biobanks and cost-effective technologies for large-scale

deployment. In particular, the maintenance and provision of

seedstock by commercial scale nurseries to support restoration

has the potential to accelerate restoration scale and success

(Filbee-Dexter et al., 2022). Currently, many restoration projects

propagate their own seedstock derived from small source

populations or transplanted adult individuals, which is both

costly and diminishes the chances of success through lack of

genetic resilience (Eger et al., 2022). Commercial scale nurseries

have the knowledge and skills to increase resilience and genetic

diversity in their broodstock, which will benefit restoration by

increasing robustness to climate change. Recent biobanking

initiatives focusing on Atlantic species are paving the way for

preserving genetically diverse broodstock (e.g. the SeaStrains

initiative by the Global Seaweed Coalition, and several biobanks

like Biobancos (Portugal), the Seaweed Nursery at the Scottish

Association for Marine Science (UK), and CCAP (UK)). Another

factor that can hinder both aquaculture and restoration initiatives

is permitting, social license and legislation (Eger et al., 2022;

Wood et al., 2017). A more integrated push from both

restoration and aquaculture industries may increase the speed

and efficacy in which the necessary legislative changes for both

coastal cultivation and restoration are achieved.
4 Conclusion

Globally, seaweed aquaculture is currently a major contributor

(~50%) to ocean-based aquaculture production and has the

potential to expand further as the need for sustainable food and

materials increases (FAO, 2022). The seaweed industry, however,

faces key challenges from ongoing climate change. In this review we

have summarized some of the major challenges that the industry is

facing through climate change stressors. On the other hand, we have

highlighted opportunities for increasing resilience and sustainable

development. These findings are summarized in Figure 4. Whilst

some of the challenges are considerable, the strengths and

opportunities highlighted in this review outnumber the

weaknesses and threats, emphasizing the great potential of the

seaweed industry as a sustainable industry. In recent years, there

has been a lot of media attention on seaweed as a solution to many

climate issues, creating a ‘seaweed hype’. To deliver on its promise

however, technological difficulties and practical challenges

pertaining to thermal tolerance, genetic diversity, scalability and

disease resistance must be overcome. Here we have summarized

research efforts that can provide a solution to some of these hurdles,

and we hope to inspire further research in the three areas of

opportunity: ‘Future-proof’ site selection, development of selective

breeding and microbe inoculations for increased resilience, and

taking a restorative or ecosystem approach to seaweed aquaculture.

In the face of climate change, seaweed aquaculture offers a globally
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sustainable solution to some of the most pressing challenges related

to food security and environmental stress.
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