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Cultivation of kelp has been well established throughout Asia, and there is now growing interest in the cultivation of macroalgae in Europe to meet future resource needs. If this industry is to become established throughout Europe, then balancing the associated environmental risks with potential benefits will be necessary to ensure the carrying capacity of the receiving environments are not exceeded and conservation objects are not undermined. This is a systematic review of the ecosystem changes likely to be associated with a developing seaweed aquaculture industry. Monitoring recommendations are made by risk ranking environmental changes, highlighting the current knowledge gaps and providing research priorities to address them. Environmental changes of greatest concern were identified to include: facilitation of disease, alteration of population genetics and wider alterations to the local physiochemical environment. Current high levels of uncertainty surrounding the true extent of some environmental changes mean conservative risk rankings are given. Recommended monitoring options are discussed that aim to address uncertainty and facilitate informed decision-making. Whilst current small-scale cultivation projects are considered ‘low risk,’ an expansion of the industry that includes ‘large-scale’ cultivation will necessitate a more complete understanding of the scale dependent changes in order to balance environmental risks with the benefits that seaweed cultivation projects can offer.
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SEAWEED PRODUCTION ACROSS EUROPE

Throughout the world, high demands on many natural resources necessitates the development of alternate resources to produce important commodities such as food, feed, fuel, cosmetics, and pharmaceuticals. The development of large-scale seaweed aquaculture in Europe has the potential to play an important role in meeting future resource needs, but must do so in a manner that does not undermine the use and value of existing marine resources.

Large-scale cultivation of seaweeds has been practiced in Asia for decades (Cheng, 1969), but has only recently been a commercial activity in Europe (FAO, 2014; Bostock et al., 2016). High demand has driven a rapid expansion in Asia in this form of aquaculture. Global production has increased at a rate of 7.6% year-1 between 2004 and 2015 when an estimated 28.1 million tons were produced (FAO, 2015). China is the biggest producer of brown algae, mainly cultivated kelp species. Although a large proportion of the Chinese crop is sold dried for the food market (McHugh, 2003), extracts derived from cultivated macroalgal species are now in a growing number of global consumer products (Smit, 2004; Bixler and Porse, 2011) such as; cosmetics, pharmaceuticals and foods. The top species produced are the brown algae Saccharina japonica (Japanese Kelp) and the red algae Eucheuma sp. Together these species account for 66% of the global production (FAO, 2015).

Asian cultivation of brown seaweeds are characterized by a range of long-line techniques with vertical droppers; similar growing techniques have been trialed successfully in Europe (Peteiro and Freire, 2009, 2011, 2012, 2013b; Sanderson et al., 2012; Handa et al., 2013; Marinho et al., 2015; Peteiro et al., 2016). Growing systems for kelp species in China and the rest of Asia are very effective. However, due to the labor intensive nature of these systems and the low costs of such a large work force in China, technological modifications to reduce labor costs associated with cultivation will need to be developed in emerging seaweed producing countries in Europe (Edwards and Watson, 2011). Required technological modifications include mechanization of seeding and harvesting, year-round production based on a number of co-cultured species and scales that create running costs economies. With the global drive to find sustainable sources of food, feeds, fuels and other products, attention has turned to developing and adapting large-scale suspended cultivation methods used in Asia for European waters (Bruton et al., 2009; Kraan, 2010; Borines et al., 2011; Hughes et al., 2012b).

The environmental conditions required for growing different species of seaweed are variable (Kerrison et al., 2015). In general, seaweed production requires areas with sufficient nutrients and light for growth and salinity and temperatures that are not limiting to the species being cultivated. The mesotrophic boreal temperate coastal ocean is ideal for growing many species, of which large brown kelp species are most commonly grown.

The principle cultivated species in Europe are large brown kelp species (e.g., Saccharina latissima and Undaria pinnatifida), and the production cycle currently employed generally follows that of Chinese methods (Figure 1). Kelp production begins in the autumn, when plant reproductive material is induced to release spores by temperature and/or osmotic shock. Gametophytes and/or sporophytes are then cultured on small twine in a nursery before being transferred to sea (Rolin et al., 2017). Alternately sporophytes may be directly seeded on materials aided by a binder before being deployed the same day. The latter approach is in development at many cultivation sites throughout Europe to address the need for automation and cost-reduction to achieve greater financial viability. The seeded materials (rope, nets and other hard wearing rough surfaces) are then suspended from a mooring structure (e.g., grid or long line) at a depth where light is optimal so that growth can take place. This depth will depend on local water transparency and insolation, but is likely to be in the range of 1–5 m water depth (Kerrison et al., 2015). In late spring to early summer, the mature plants are harvested and brought to shore where they are processed for a range of markets including, human and animal feeds, soil conditioners, nutraceuticals, cosmetic ingredients or pharmaceuticals (McHugh, 2003). Seaweed may also be grown for energy where the carbohydrate-rich biomass is fermented to produce alcohol (Wargacki et al., 2012), or subjected to methanogenic anaerobic digestion (Fasahati et al., 2017). Where biomass is produced for low cost commodities such as fuel, a bio-refinery process will likely be used to maximize returns by extracting more valuable compounds first before the remaining biomass is converted to energy.
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FIGURE 1. Production cycle of Japanese Kelp (Saccharina japonica) in China, from FAO (2004).



Cultivation systems (surface structures and moorings) currently being trialed throughout Europe are varied. They represent divergent approaches to similar problems of seeding and maintain growing structures in a way that will maximize returns (e.g., growth) whilst minimizing costs (e.g., handling and infrastructure costs). For the purpose of this review, we make the assumption that future cultivation systems will be modular and contain surface structures designed to facilitate automated seeding and harvesting whilst cultivating seaweed at an optimized stocking density (see section “Defining Scale”) using mooring components designed to reduce costs where appropriate.

Current production is largely restricted to periods where light and nutrients are sufficient to allow growth (principally autumn and spring). High levels of fouling during summer months can cause problems with crop quality (Andersen et al., 2011). The use of techniques such as coppicing and growing different algae groups such as green and red seaweeds may allow for a more continues supply whilst increasing overall production. Methods for seeding both green and red species are still in the early stages of development and therefore this review will focus in part on the cultivation of kelps.

Cultivation models used to grow seaweed depend on a large number of considerations (e.g., scale and siting) (Kraan, 2017; Marine Scotland, 2017), and an assessment of the environmental risks will change depending on these factors. However, similar environmental legislation and policies throughout Europe dictate a set of common farm management principles. These include: siting that minimizes damage to sensitive environments; seed sources that maintain the genetic diversity of wild stocks; no cultivation of non-native species; biosecurity measures to control the spread of diseases, parasites and non-natives; no fertilization; and infrastructure which is well maintained (e.g., The Water Framework Directive- Council Directive 2000/60/EC, and Council Regulation EC No. 708/2007 of 11 June 2007 concerning the use of alien and local absent species in aquaculture). However, it should be noted that variation from these assumptions is possible within other European countries currently developing policy governing seaweed cultivation practices. For example, the cultivation of non-native species (e.g., U. pinnatifida) at locations where this species has already become established. When discussing the likely consequence of environmental changes associated with seaweed cultivation, we assume that these common principles have been followed when undertaking cultivation projects.

The scale of the cultivation activities within a particular area has important implications for the magnitude of environmental changes and potentially the consequences of such changes on the receiving environment. We apply terminology from the Scottish government’s seaweed cultivation policy document that identifies two scales of commercial seaweed cultivation (Marine Scotland, 2017). Where ‘Small-medium’ refers to seaweed farms of a similar size to a typical mussel farm (0–50 × 200 m lines), and ‘large-scale’ refers to sites that require different equipment to a mussel long line system (>50 × 200 m lines).

This review aims to explore potential site specific considerations that could be made to minimize negative environmental interactions when selecting appropriate sites and methods to cultivate seaweed. Assuming standard practice and siting, the key drivers of environmental change have been identified (Figure 2), and the likely consequence of each driver is summarized, although it is recognized that in practice each driver is unlikely to be operating independently. Based on this, a risk assessment is presented, indicating the prioritization of future monitoring and research objectives to address knowledge gaps that contribute to uncertainty in the consenting process.
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FIGURE 2. Drivers of environmental change in relation to seaweed farm.



DRIVERS OF ENVIRONMENTAL CHANGE

Absorption of Light

Competition for light is important in structuring aquatic algal communities, and this has been demonstrated in the understory algal communities shaded by kelps (Reed and Foster, 1984; Clark et al., 2004; Flukes et al., 2014; Benes and Carpenter, 2015). Light intensity and its quality is directly altered by the water column itself (Morel, 1978; Platt et al., 1988), as well as indirectly by vegetation (Reed and Foster, 1984; Clark et al., 2004).

The vertical bottom up structure of giant kelp habitats has been compared to that of terrestrial forests (Dayton and Tegner, 1984). Benthic shading by kelp can affect understory algae, as kelp canopies are capable of reducing light that reaches the benthos by <3% of surface influx (Reed and Foster, 1984). Natural macroalgae communities are limited by available habitat where light conditions are suitable for growth (Burrows, 2012). Cultivated seaweed habitats differ from natural macroalgal habitats as the crops must be cultivated in surface waters at depths that optimizes levels of Photosynthetically Active Radiation (PAR). Excessive light can cause photo-oxidative stress, resulting in reduced photosynthetic efficiency (Heinrich et al., 2012). Whereas levels of PAR which are suboptimal for the species being cultivated result in low levels of photosynthesis and growth. Cultivation of seaweeds on surface waters may therefore shade underlying habitats containing autotrophic organisms (e.g., pelagic phytoplankton and benthic macroalgae). Therefore, it is important to understand whether cultivation systems overlap with habitats containing autotrophic species.

The up scaling of cultivation practices in Europe, may require a modular approach similar to other aquaculture activities. Rocky, shallow (e.g., less than 10 m) water environments are technically challenging places to deploy cultivation systems as there is more potential for breaking waves causing excessive wear and infrastructure failures. Deeper (e.g., more than 60 m) water cultivation systems have other technical challenges including longer mooring systems possibly subjected to greater drag forces. Given these considerations it is unlikely that cultivation systems currently being developed in Europe will overlap with shallow habitats supporting productive benthic macroalgae communities. Maerl beds and seagrass communities should be avoided when considering possible sites as such species are afforded a high level of protection in Europe and may be sensitive to shading effects and/or disturbance (Wilson et al., 2004). However, these communities are typically adapted to low irradiances and are generally tolerant to periods of low light irradiances. That said, the possibility of negative benthic shading effects should be considered when siting projects. Assuming that cultivation projects will have limited overlap with sensitive benthic environments and avoid habitats that are afforded high levels of protection, cultivation projects are unlikely to cause significant detrimental effects by benthic shading at small-medium and large scales.

Shading has implications for the pelagic environment as cultivation systems will be designed to efficiently absorb irradiance at the water’s surface. Similar shading can be observed in giant kelp communities where floating kelp fronds reduce irradiance in the upper meter of the canopy. Light penetration is exponentially related to canopy density, but can be higher than expected due to transmission through heterogeneous kelp blades (Gerard, 1984). In well vegetated areas, average irradiances at 1 m depth is low enough to limit macroalgal photosynthesis even under sunny conditions (Gerard, 1984). Despite the possibility of shading effects on sessile organisms located under cultivation projects, water movement required for efficient nutrient and gas exchange among cultivated species mean that phytoplankton communities will only experience shading for the length of time it takes to travel through the site. Therefore, significant shading effects on pelagic communities are highly unlikely at small-medium scales for individual cultivation sites but may act cumulatively within a site with multiple cultivation systems.

At large-scales, changes to planktonic communities are possible as phytoplankton will experience increased competition for light from cultivated species. A large-scale kelp cultivation site in Sanggou Bay (Yellow Sea, China) has been shown to suppress the abundance of phytoplankton during the growing season (Shi et al., 2011). Changes in primary productivity can affect trophic flow through affected marine food webs. Ecosystem structure was studied in an area of intense kelp cultivation by using Ecopath to model trophic structure (Wu et al., 2016). Kelp cultivation in these areas was shown to have restricted trophic flow into the water column primary production and strengthened the benthic food webs by provision of habitat and food resources directly and indirectly through enhancing detrital biomass (Wu et al., 2016).

Determining the causes and consequences of changes in the phytoplankton community is complex and must consider a number of factors including, competition for nutrients, increased grazing pressure from epibenthic species and altered hydrodynamics in addition to elevated competition for light. Phytoplankton communities have limited protection in Europe under the Marine Strategy Framework Directive, which requires maintenance of the marine environment to “Good Ecological Status” on a reginal scale. It is unlikely that shading will be sufficient enough to cause significant negative environmental effects at small-medium scales. However, a focused monitoring program assessing phytoplankton changes and resulting effects would be required to determine the potential negative interactions at larger scales.

Absorption of Nutrients

Depending on their connections with the ocean, coastal seas receive nutrients from a range of natural marine and atmospheric sources (Paerl, 1995; Prospero et al., 1996; Jickells, 1998; Baker, 2003). In addition, nutrients are added to the marine environment from anthropogenic sources (e.g., finfish aquaculture, agriculture, and urban wastewater) (Smith, 2003). These sources of nutrient fluxes are often related to increasing occurrences of harmful algal blooms (Anderson et al., 2008; Heisler et al., 2008). Human induced changes to sources and sinks of nutrients can have negative impacts on coastal ecosystems altering local ecology and ecosystem services (Shumway, 1990; Anderson et al., 2002; Heisler et al., 2008).

Seaweeds in suspended cultivation remove inorganic nutrients from the marine environment during growth (Kerrison et al., 2015; Marinho et al., 2015). Positive remedial effects will occur when the quantity and proportion of nutrients removed are equal to those added by anthropogenic activities (Seghetta et al., 2016b). However, undesirable effects could occur if nutrient removal by cultivation results in concentrations which fall below that required for natural primary productivity, and very large-scale culture of macroalgae will extract proportionate amounts of nutrients from the surrounding water body (Lüning and Pang, 2003).

Suspended aquaculture systems used to cultivate seaweed affect local hydrodynamic movements by increasing surface drag. Alterations to water flow can affect the carrying capacity of a water body through reducing water exchange necessary for maintaining levels of nutrients required for growth (primarily Dissolved Inorganic Nitrogen) (Shi et al., 2011). This effect is intensified in the interior of large-scale cultivation sites where flow is decreased by the drag effects and growth can become nutrient limited as a result (Shi et al., 2011). Models of nutrient regimes in simulated large-scale macroalgae farms (20 km2, 20 t/ha dry weight production) indicate there will be a reduction in phytoplankton biomass within the cultivation area, and >10% reductions in chlorophyll concentration over 7.5 km away from farms (Aldridge et al., 2012). As well as nutrient models, hydrodynamically driven models simulating nutrient uptake by a large-scale farm (112 km2) in the North Sea at various stocking densities, only observed significant changes in nutrient availability at the highest stocking densities, and that realistic stocking densities were classified as marginally significant (Aldridge et al., 2012).

Current realistic stocking densities in Europe are generally lower than that reported in current models (Aldridge et al., 2012) and those observed in China where nutrient depletion has been observed. China produces up to 18 tons of dry kelp per hectare in the most productive areas (Aldridge et al., 2012). Assuming similar water content between kelp species this equates to approximately 151 wet tons per hectare (10,000 m2) (Saccharina latissima dry/fresh = 0.12). Although it should be noted that dry vs. fresh weight ratios vary with species and throughout the growing season (Broch and Slagstad, 2011; Peteiro and Freire, 2013a). The grid systems employed in China use either vertical or horizontal (preferred) rope raft culture methods that are densely packed (stocking density estimated at approximately 0.66 linear meters of growing line per meter squared of cultivation area) (Shi et al., 2011). Reported growing systems in Europe are generally less space efficient (Peteiro and Freire, 2013a). Using the above figure, China is therefore able to produce 22.9 kg per line meter of growing line to achieve a biomass of 151 tons per hectare. To achieve similar yields within European sites, growing systems must first increase the density of seeded materials whilst increasing yields per liner meter from current levels [average 9.1 kg wet weight per linear meter (Seghetta et al., 2016a)]. For example, observed biomass of S. latissima cultivated at a site in Spain produced approximately 16 kg m-1 on growing lines in one season (Peteiro and Freire, 2013a). Production at this site was 4.7 t/ha dry weight (4 m spacing between lines). To achieve greater stocking densities more effective cultivation infrastructure will need to be developed whilst mitigating competition for nutrients and other resources such as light.

A model of the nitrogen requirements for a hypothetical large scale farm (20 km2) in the Clyde estuary in Scotland estimated extraction of nitrogen at 480 tons per year for a site producing 20 t/ha dry weight (Aldridge et al., 2012), suggesting there is potential for a significant reduction in local nitrogen resources on this scale. At the time of a typical harvest the nitrogen content of dry material is approximately 1.2% (Broch and Slagstad, 2011; Schiener et al., 2015). Even where we assume future productivity per meter of seeded materials would be equivalent to those observed in China (22.9 kg m-1 per line). Small-medium scale operations (<50 200 m lines) would produce up to 229 tons of biomass (27 tons dry weigh) and extract 0.33 tons of nitrogen. At these scales negative environmental effects from diminished nitrogen resources are highly unlikely assuming cultivation practices are located in areas with artificially elevated nitrogen resources during times when crop growth rate is high.

Anthropogenic sources of nitrogen in the marine environment can be significant. For example, 7,500 tons of nitrogen were estimated to be released by the Scottish salmon farming industry in 2010 (Aldridge et al., 2012). If careful consideration is given to the siting of seaweed farms, ensuring that carrying capacity of the environments are not exceeded, negative environmental effects of localized nitrogen depletion may be avoided.

At larger regional scales, cultivation projects may contribute substantially to remediation of excess nitrogen if co-located in suitable areas of high anthropogenic nitrogen input. A Life Cycle Impact Assessment (LCIA) of seaweed cultivation and nutrient extraction in Europe, indicates that at large scales (208 km2), seaweed cultivation can have a positive effect through bioextraction of N and P from anthropogenic activities in the marine environment and aid management strategies at the water body level (Seghetta et al., 2016b).

The timing of effluent release and uptake, dispersal characteristics of the site along with and knowledge of nitrogen cycling in the environment, are required to develop nitrogen mass balances for each cultivation site. Such information would support a more holistic approach to managing nutrient levels and allow for the scaling of cultivation projects to the characteristics of the specific water body. Present seaweed biomass required to remove the nitrogen effluent from a typical salmon farm is much greater than small-medium seaweed farm operations can produce [approximately 1000 wet tons (Broch and Slagstad, 2011)], and negative interactions associated with cultivation infrastructure (e.g., reduced flow) may diminish the overall benefits of such an approach if poorly sited. Therefore, the development of coupled hydrodynamical-biological models at industry realistic stocking densities will support future developments by providing more clarity to estimated sources and sinks of nitrogen.

Competition between cultivated algae and phytoplankton can be expected at time intervals in the production cycle where algae growth is rapid and natural renewal of nitrogen resources is affected by altered water exchange. Where projects are large-scale and have high stocking densities, depletion of phytoplankton communities could have negative implications for some species in affected areas. The feasibility of large-scale cultivation projects will require a degree of site specific modeling and monitoring work to ensure a strong evidence-base to determine the trade-offs and interactions associated with large-scale macroalgae production versus protecting, conserving and enhancing biodiversity.

Absorption of Carbon

Aquaculture of fed species such as finfish contribute carbon dioxide to the global carbon cycle primarily through reliance on capture fisheries and terrestrial agricultural production (Pelletier et al., 2009). In contrast, large-scale aquaculture of un-fed invertebrates and macroalgae can remove large amounts of carbon from the coastal environment (Tang et al., 2011; Hughes et al., 2012a) and offer alternative low carbon food and energy resource if managed efficiently.

The removal of carbon dioxide by cultivated algae is unlikely to lead to any detrimental effects within cultivation sites and surrounding areas. When CO2 reacts with water it forms a balance of ionic and non-ionic chemical species including free carbon dioxide, carbonic acid, bicarbonate and carbonate, the ratio of which depend on many factors such as temperature and pH. In an open freely moving water body the negative effects of carbon removal from large scale cultivation is likely to be negligible due to marine waters chemistry and inherent buffering capacity. Conversely, large bodies of photosynthetic material may absorb enough carbon to increase the pH locally and mitigate impacts caused as a result of ocean acidification, similar to shellfish calcification downstream of highly vegetated areas (Krause-Jensen and Duarte, 2016). Although kelp habitats remain an important source of organic carbon for marine food webs (Burrows et al., 2017), the implications of cultivation on carbon cycling are poorly understood and will require further research.

The contribution to carbon sequestration (blue carbon) that cultivation losses could make when buried in sediments or exported into the deep sea needs to be assessed in a cultivation context (Krause-Jensen and Duarte, 2016; Duarte et al., 2017). However, continuing trends toward increased seaweed aquaculture could still provide a significant contribution to climate change mitigation and adaptation though providing additional benefits through carbon capture (estimate 1,500 tons CO2 km-2 year-1), animal feed supplements that reduce levels of methane production, substituting synthetic fertilizers and mitigating coastal erosion through absorbing wave energy (Duarte et al., 2017).

Absorption of Kinetic Energy

Seaweed farms require water flow to encourage growth, and will absorb and deflect tidal and wave energy altering flow conditions in connected habitats (including local geomorphology at large scales). How cultivation structures alter coastal hydrology will be an important factor in determining the ecological implications at different scales. Relevant observational studies on wild kelp beds have confirmed that standing crops of wild kelp dampen natural currents and cause microclimates within the canopy (Jackson and Winant, 1983), reducing average current speed to a third of the surrounding area. In some cases this microclimate can occur vertically beyond the extend of kelp fronds (Andersen et al., 1996). Natural kelp beds are anchored in the seabed and therefore have a bottom up effect on currents rather than the predominantly surface impacting structure of suspended kelp culture.

As part of a suspended structure, cultivated kelps can experience increased water motion, which increases the rate of nutrient uptake (Neushul et al., 1992). Flow rates along the open channels and within Sanggou Bay- a large-scale Chinese kelp cultivation site- have been simulated using a two-dimensional vertically averaged model (Grant and Bacher, 2001). In this model, increased seabed friction simulated the presence of aquaculture structures. By increasing the drag coefficient of the seabed to simulate the frictional effects of suspended aquaculture structures, flow along the open channels within the farm was reduced by 20%, and within cultivation areas was reduced by 54%. In addition to reduced current speeds, the vertical structure of tidal currents in Sanggou Bay is predicted to be affected by the strengthening of a surface boundary layer created by suspended cultivation systems (Fan et al., 2009). This is supported by field measurements of tidal currents taken in Sanggou Bay, which demonstrate clear vertical structure of the observed tidal currents (Zeng et al., 2015). Observations show that although total tidal exchange volume remains unchanged, there is a reduction in tidal flow at the surface where kelp is suspended, which causes the maximum flow point to occur below the suspended kelp fronds. The depth between the lower limits of suspended kelp and the seabed will determine where the maximum velocity point will occur as a result of the increased drag by kelp at the surface. This could have implications for the benthic and pelagic habitats below, which would experience altered flow dynamics resulting from changes to surface boundary conditions.

Alterations to water flow can affect the cultivation carrying capacity of a water body through potential reduction in water exchange necessary for maintaining levels of nutrients required for growth (Shi et al., 2011). Careful consideration must be given to the siting of cultivation projects in areas and at times where alterations of natural hydrodynamics could result in significant changes to marine chemistry (e.g., peak biomass would cause greatest friction coefficients), sediment transport and associated biological communities. Risk will most likely increase with larger scale projects and siting in areas important for water exchange, such as the entrance to enclosed water bodies. Assuming sites are well located, negative environmental effects are unlikely at small to medium scales, and it is unlikely that farms of this scale will have the resources to carry out detailed hydrodynamic impact assessments. However, the assessment of potential negative environmental effects must be made on a case-by-case basis and incorporate cumulative effects of other marine projects. Therefore, it is not possible to make general predictions regarding the extent and consequences of altered local and reginal hydrodynamics. A strategic siting and modeling approach may be required to ensure licensing authorities are able to make informed decisions about the consequences of large-scale projects as well as cumulative level assessment of smaller co-located projects.

Addition of Artificial Material

Large-scale cultivation of seaweed requires the addition of artificial materials to provide a secure substrate for growing seaweed. A range of systems and configurations are currently being tested within Europe, and will require further development to improve the overall efficiency of the growing phase. All systems are comprised of a mixture of moorings, lines and floats with varying degrees of complexity.

The largest proportion of material added to the marine environment will likely be comprised of a mixture of synthetic polymer rope (e.g., polypropylene). These materials are typically designed to be highly resistant to degradation in the marine environment. Pollution caused by discarded or lost components may contribute to marine pollution if seaweed farms are improperly managed. Once lost from the farm, debris may contribute to existing environmental pollution issues such as increasing levels of plastics in marine food webs (Derraik, 2002; Andrady, 2011) or social concerns such as the reduction in coastal amenities due to drifting debris (Sheavly and Register, 2007). Assuming cultivation activities are managed responsibly, are well maintained and fit for purpose, accidental loss of infrastructure at sea should be minimal.

Loss of infrastructure to the marine environment can result in the mortality of marine megafauna (e.g., marine mammals, marine turtles, sharks, rays, and large bony fish) caused by entanglement in subsurface mooring lines and fishing gears, and is already a significant conservation problem throughout the world (Benjamins et al., 2014). There are a number of risk factors which are associated with a greater likelihood of entanglement. These include: moorings and lines that have low tension, poor visibility leading to reduced avoidance and moorings and components that are unable to resist the forces of an encounter (e.g., gray seal [≈0.1 KN] or Minke whale [≈16 KN]) (Benjamins et al., 2014). The use of nets to cultivate algae may pose a significant threat of entanglement to both small and large megafauna species. The diving behavior of marine mammals puts them at risk of interaction with infrastructure, as it may not be possible to avoid infrastructure when resurfacing for air.

The true extent of entanglement risk from well-established marine activities is poorly understood. A study into the cause of death of 422 cetacean carcasses across England and Wales found that entanglement of megafauna in fishing gear (by-catch) was the principle cause of death in most cases (Kirkwood et al., 1997). The global estimate of marine mammal by-catch is approximately 600,000 animals and entanglement with stationary gear is more likely where nets and pot-type gear are used (Read et al., 2006). The contribution that an emerging cultivation industry might have to mortality within megafauna populations is currently unknown.

Entanglement of animals cannot be ruled out, even when assuming cultivation practices will be managed to reduce the likelihood of entanglement. Small-medium scale cultivation projects pose a similar threat of entanglement to many existing aquaculture activities as mooring and cultivation equipment will utilize similar technologies, and as large-scale cultivation projects will inherently require a greater infrastructure the risk will be increased.

Many marine megafauna species are slow-growing, have low reproductive rates and are commonly afforded a high level of protection within many European countries. Entanglement-related injuries and mortalities are a critical conservation problem. Siting of cultivation activities is a crucial consideration to avoid negative environmental interactions. There is limited evidence to suggest whether marine mammals and other megafauna will avoid or be attracted to cultivation activities and any responses are likely to be location- and species-specific. Cultivation activities may enhance foraging opportunities for some species, and although this would be a positive interaction it could lead to a greater risk of entanglement if poorly managed. Larger species of marine mammals are more often observed in deeper offshore areas (Ried et al., 2003). Therefore, cultivation activities that are sited in deeper offshore areas may have to take extra precautions to avoid entanglement.

Licensing authorities should ensure cultivation activities and infrastructure are well designed to avoid entanglement and sited to avoid important areas for foraging, reproduction and migration. If these considerations are made significant effects to megafauna populations is highly unlikely at small-medium cultivation scales, and could reduce entanglement risk at larger scales. The assessment of risk associated with projects is complex and uncertainty is increased by a current lack of information regarding the likelihood of entanglement of different megafauna species with seaweed cultivation systems. As the overall consequence of large-scale cultivation is currently unknown cultivation activities must be managed responsibly to ensure that infrastructure deployed is well maintained and fit for purpose to avoid accidental loss of infrastructure at sea, as is required of other aquaculture activities across Europe through multiple regulations (EC, 2016).

Addition of Noise

Cultivation sites will result in a localized increase in vessel traffic and machinery required for site activities including installation, maintenance, seeding and harvesting. The extent that cultivation activities will elevate local noise above background is currently unknown but it can be considered proportionate to the scale of operations. Vessel engines are a source of anthropogenic noise and negative environmental effects (e.g., habitat displacement and barrier affects) could be observed where noise produced causes behavioral responses that contribute to local or regional population decline. However, the sensitivity of marine species to small vessel noise is likely to be low assuming the location of the farm has been considered with respect to sensitive features (e.g., avoiding protected seal hall-out areas) (Southall et al., 2008; De Robertis and Handegard, 2013).

At small-medium scales, the increase in magnitude of vessel traffic associated with project is likely to be small and therefore unlikely to cause significant ecological changes assuming cultivation project are sited away from sensitive features. Elevated risk associated with larger cultivation projects will require additional consideration during the consenting process.

Release of Dissolved and Particulate Matter

Particulate Organic Matter (POM)

Organic matter (OM) can be released by macroalgae as either Particulate or Dissolved Organic Matter (POM and DOM, respectively). In kelp cultivation sites, POM tends to result from wave action and decomposition of plant tissue matter, and is often suspended in the water column before settlement on the benthos (Ren et al., 2014).

Natural kelp beds already play an important role in providing organic matter to the coastal ecosystem (Duggins et al., 1990; Steneck et al., 2002; Leclerc et al., 2013), and can export organic matter beyond the immediate kelp habitat (Harrold et al., 1998; Wada and Hama, 2013). Similarly, POM is exported from seaweed cultivation sites. At an existing large-scale site (several km2) in Sanggou Bay in China, three modes of kelp tissue loss occur: fall-off from kelps, where the holdfast becomes detached or there is a break in the stipe; break-off, where there is a clear break leaving part of the blade and distal erosion which occurs at the edges and tip of the kelp blade where there is continual decay (Zhang et al., 2011). The proportions of each mode of loss at this site is dependent on seasonality and stage of growth. Fall-off occurs early in the grow-out season (January–February), and can result in an estimated 4.2% of overall loss of kelp from sampled long lines. Break-off peaks later in the grow-out season (June–July) resulting in approximately 4.5% of overall loss. Distal erosion increases through earlier growth months (January–April), and remains high in the months after and equated to 91.5% of loss at the sampled cultivation site. This suggests the release of POM on a large-scale cultivation site will be strongly seasonal, increase with increasing biomass and will consist primarily of smaller tissue fragments. Losses during harvesting operations may also contribute to the release of POM. Maximizing crop biomass is in the interest of the cultivator; however, the extent of losses from mechanical harvesting is currently unknown.

Depending on its buoyancy/settling velocity, lost plant tissue may deposit on the seabed and stimulate benthic microbial metabolism and affect macrobenthic community structure. The scale of impact will be related to the distance that solid material lost from the farm is advected (directly and after any resuspension) before its remineralization is complete, with low settling-velocity fragments traveling long distances. For example, organic enrichment of a submarine canyon (153–454 m) observed by a Remotely Operated Vehicle (ROV), estimated that 20% of drift parcels were comprised of kelp tissue derived from an adjacent Macrocystis pyrifera bed (Harrold et al., 1998). At a distance of 9 km away from standing crops, in a continental shelf habitat (87–357 m) very few drift parcels were observed, however, of those observed 50% were composed of kelp particles. This emphasizes the importance of understanding the true extent of OM drift from large-scale kelp culture and its interaction with benthic environments. The biogeochemical consequences of large amounts of material decomposing in depositional areas might include sedimentary anoxia and hypoxia in bottom waters, together with enhanced sediment nutrient fluxes, particularly in areas with long water residence times (see section “Interactions With Benthic Species”). Further scientific investigations to assess the true extent and fate of POM release from seaweed aquaculture are required to provide perspective on what scales and environmental conditions released POM could have negative consequences.

Dissolved Organic Matter

A large proportion of Dissolved Organic Matter (DOM) is observed as photosynthates in the seaweed tissue, and these photosynthates are released by kelps as DOM into the water column (Khailov and Burlakova, 1969; Sieburth, 1969; Fankboner and de Burgh, 1977; Abdullah and Fredriksen, 2004; Wada et al., 2007; Hulatt et al., 2009). This released DOM is thought to be a complex mixture of mainly carbohydrates which can enter the oceanic Dissolved Organic Carbon (DOC) pool (Wada et al., 2007). It is unknown whether this release occurs as a passive or active function in the tissue. However, it has been suggested that exudation is increased during times of greater growth when excess photosynthates are assimilated (Abdullah and Fredriksen, 2004).

Seaweed exudate studies have mainly identified and monitored the carbon content of exudates as DOC. A proportion of this released DOC is thought to be refractory DOC (rDOC), due to the long turnover rates in coastal seawater (Wada et al., 2008). This suggests that a proportion of kelp exudates may be resistant to biological breakdown, and rDOC will join the oceanic carbon pool which is estimated to be 4,000–6,000 years old (Bauer and Druffel, 1998). As carbon entering this pool from seaweed cultivation will effectively be sequestered (Hughes et al., 2012a), the potential long-term environmental consequences of the refractory portion of seaweed exudates may be less direct, but in the short-term exudates may alter light attenuation due to their colorimetric nature (Hulatt et al., 2009).

The alternate fraction of these carbohydrate rich exudates will be bioavailable to microplankton such as bacterioplankton and phytoplankton, and could be rapidly utilized (Azam et al., 1983). Dissolved substrates are an important intermediates in the rapid cycling of bioactive compounds by bacterioplankton in the “microbial loop” (Azam et al., 1983). At high concentrations, these bioavailable exudates have the potential to alter the balance and composition of the local microbial assemblages. However, the extent and significance of this change would likely be negligible for small-medium cultivation projects when compared against naturally occurring levels of bioactive compounds from other sources. The scale and wider ecological implications of large-scale projects are currently unknown, and will be dependent on the hydrodynamics and seasonality of the site.

Habitat for Diseases, Parasites and Non-native Species

Diseases and Pests

The prevalence of diseases and pests affecting aquaculture production worldwide is a major global concern (Kim et al., 2014; Stentiford et al., 2017). This issue is intensified by a reduction in genetic diversity associated with the domestication of wild seaweed species making crops more susceptible to abiotic stressors, disease and parasites (Valero et al., 2017). Unlike terrestrial agriculture, a reduction of genetic diversity of open sea cultivated marine species in favor of a few selected traits cannot be supported by the use of pesticides and fertilizers to support growth. Cultivated stands will likely experience a large reduction in yield where diseases and pests are prevalent, and may also act as a reservoir for diseases which could impact natural populations (Loureiro et al., 2015; Valero et al., 2017). For example, carrageenophyte (Kappaphycus) producing countries have seen a dramatic decline in production following rising sea water temperatures which cause bleaching of the thallus making cultivated individuals more susceptible to infection from viruses and bacteria (Vairappan et al., 2008). Protocols that mitigate crop losses are often rudimentary (centered on removal of affected crops) and chemical treatments are known to reduce crop quality (Loureiro et al., 2015). Knowledge regarding the epidemiology of seaweed pathogens in European species is very poor and in many cases pathogens responsible for diseases are difficult to identify and study using current microbial methods (Gachon et al., 2010). Further investigation is required to inform appropriate mitigation measures and prevent significant ecological impacts. Mandatory biosecurity planning will ensure actions are taken that mitigate risk where practical and will benefit all stakeholders.

Mitigation measures hinge on developing and enhancing biosecurity programs through capacity building (Cottier-Cook et al., 2016). This must include training in quarantine procedures and farm management practices to enhance biosecurity measures, as well as the development of diagnostic techniques to rapidly detect disease to inform management practices. Finally, breeding programs for farmed species should be developed to ensure sufficient genetic diversity and disease resistance, for both current and future production.

Non-native Species

Non-native species (NNS) are classified as organisms that have been intentionally or unintentionally introduced outside their native range as a consequence of human activity. NNS may cause ecological damage to the receiving environments and may also be associated with economic losses within affected marine industries, including aquaculture (Pimentel et al., 2001). Once established, species that threaten biodiversity and/or cause economic damage are referred to as ‘Invasive’ (INNS). It is widely accepted that once a NNS has been introduced to a new environment, is it very challenging, and in the majority of cases practically unfeasible, to eradicate. As a result, preventing the introduction of new NNS and restricting the likelihood of secondary introductions is typical of current marine management policies in Europe [e.g., Regulation (EU) No 1143/2014 of the European Parliament and of the Council of 22 October 2014 on the prevention and management of the introduction and spread of invasive alien species].

The relatively recent boom in aquaculture has often contributed to the global spread of non-native marine organisms (Naylor et al., 2001). Despite the largely sedentary life history of macroalgae, they have often been the subject of invasive spread through aquaculture (Fletcher and Farrell, 1999). The deliberate introduction of reproductively active species in addition to the creation of possible introduction pathways greatly increases the chance for spread and establishment of NNS (Schaffelke et al., 2006). In a global assessment of invasive macroalgae introductions, 121 of 223 introductions were derived from aquaculture either through macroalgae cultivation or indirectly through shellfish farming (Williams and Smith, 2007). In some areas, the introduction of non-native species through abandoned cultivation efforts has had a serious effect on local ecosystems and the economy. In Hawaii, a number of invasive species have been recorded within reef areas and have caused phase-shifts from coral to algae (Smith et al., 2002). In particular, the previously cultivated red alga Gracilaria salicornia subsequently colonized the prized reefs of Waikiki (Smith et al., 2004).

In 1983 the brown kelp U. pinnatifida native to Asia was introduced to the French Atlantic coast for commercial cultivation (Kraan, 2017). Although it was believed that it could not reproduce, it soon became established in the local environment and since then has spread widely, typically becoming the dominant biofouling species on artificial substrate (Fletcher and Farrell, 1999). To date this species has been farmed along the Brittany coast where it has been established for the last 33 years (Kraan, 2017). Allowing farming of this species in the North Atlantic undermines efforts to control the spread of this species within other parts of Europe adopting a more precautionary approach to controlling the spread on NNS in general.

Despite a history of species introductions associated with the global seaweed production practices, the introduction of species outside their native range are unlikely to be permitted within a European context. However, it is important that there is more clarity regarding which target cultivation species are permitted throughout Europe to ensure comparable approaches across neighboring countries. Furthermore, if growing cultivars present in the “local” environment is considered best practice in the future, consideration of what “local” means in different countries for different species is necessary as the degree of genetic variation varies greatly between countries. For example, some seaweed species are characterized by low intra-specific genetic diversity in the northern extent of their range due to founder effects of range expansion caused by global climate change (Assis et al., 2016).

Artificial structures used to cultivate seaweed may provide a novel habitat that will favor the establishment of NNS (Glasby et al., 2007; Mineur et al., 2012). In addition the presence of vectors (e.g., movement of biofouling associated with vessels and other structures) must be managed in such a way as to reduce the potential risk that cultivation activities will result in the spread on NNS. Although the risk of unintentional introductions can never be managed fully, cultivation practices are unlikely to cause significant environmental effects assuming native species are cultivated and operations are managed to reduce the potential risks of introducing NNS.

European countries typically restrict the introduction of NNS to avoid documented negative environmental consequences [e.g., Regulation no. 708/2007; no. 535/2008 and Regulation (EC) no. 506/2008 amending Annex IV to Council Regulation (EC) no. 708/2007]. Current advice in the United Kingdom now promotes the use of Biosecurity Planning as a way to assess and manage any potential risks created by marine activities that may lead to the accidental introduction and/or spread of NNS (Cook et al., 2014). The principle component of any Biosecurity Plan is a record of the actions that will be taken in order to minimize the spread of NNS, and can be combined with disease management plans to increase efficiency. A Biosecurity Plan may consist of four principle stages (1) a description of the activity (2) a risk assessment (3) resulting actions after risk assessment and (4) a contingency plan.

Release of Reproductive Material

The increasing requirement for marine based commodities, along with the difficulty in sustainably exploiting natural populations is driving a shift from humans as hunters of the marine environment to cultivators (Valero et al., 2017). The domestication of wild seaweed cultivars will be an unavoidable consequence of large-scale seaweed cultivation practices (Valero et al., 2017). Cultivated seaweeds will most likely be characterized by a human imposed shift in their reproductive strategy (e.g., from outcrossing to self-fertilizing and from sexual reproduction to vegetative reproduction) introducing genetic bottlenecks that may narrow the genetic diversity of cultivated stands potentially making them more susceptible to environmental changes and disease as observed in vegetative propagation of domesticated Gracilaria (Leonardi et al., 2006; Valero et al., 2017). Studies have resulted in the production of improved varieties of kelps with respect to commercially valuable traits (e.g., stipe length, frond length, width and thickness, and iodine content) (Liu et al., 2014; Li et al., 2016) and these have been widely applied in cultivation activities (Li et al., 2007, 2008, 2016). The consequences of producing cultivars that are genetically and phenotypically distinct from natural populations is unknown but there is the potential for significant environmental effects through both direct competition with wild populations and hybridization with natural stands (Halling et al., 2013; Loureiro et al., 2015; Valero et al., 2017).

Cultivation practices supported by the supply of locally sourced cultivars still have the potential to genetically depress natural populations through so called “crop-to-wild” gene flow (Loureiro et al., 2015; Valero et al., 2017). Breeders must focus on strategies that optimize the selection of desirable traits whilst maintaining the domesticates evolutionally potential to ensure good yield in variable environmental conditions whilst reducing impacts on natural populations (Valero et al., 2017). Such a task will require a paradigm shift in breading strategies that will demand the maintenance of a large number of locally sourced cultivars phenotypically optimized to ensure suitable genetic variance.

The effect of gene flow from cultivated seaweed species are as yet unknown. Focused monitoring and research activities will be required to understand both variability in natural populations and the effect of cultivated domesticates on surrounding population fitness and associated ecosystems (Loureiro et al., 2015; Valero et al., 2017). The widespread production of sterile cultivars may be technically feasible and should be considered as an important step to mitigating the effects of gene depression and introducing locally absent cultivars and species (Loureiro et al., 2015). Furthermore the establishment of national seed banks which are responsible for maintaining a high health status of seed stock has been recommended to ensure that breading strategies are appropriate to reduce negative environmental effects (Cottier-Cook et al., 2016).

Artificial Habitat Creation

Cultivation sites will replace existing habitats with novel man-made habitats by virtue of physical and biological changes associated with suspended cultivation infrastructure. Habitats created may be characterized by; increased complexity including the physical presence of the structure itself, the addition of hard artificial substrate, pulses of seaweed growth consistent with growing cycles, as well as altered physical and chemical properties of the surrounding water. To summarize some of the potential changes associated with this type of habitat creation this review focuses on three major species groups (plankton, benthic species and epifauna and megafauna species).

Interactions With Plankton

There have been several studies on the interactions between macroalgae and microalgae (see section “Absorption of Nutrients”). While a range of species specific effects have been observed, some major interactions have been identified. Generally, in both low and high-nutrient situations macroalgae can affect the composition of the phytoplankton assemblages through competition for nutrient resources (Fong et al., 1993). In addition, macroalgae can inhibit microalgal growth both through allelopathy (Jeong et al., 2000; Nan et al., 2004, 2008), and through shading of the water column by dense macroalgal canopies (Borchers and Field, 1981). More complex interactions are also observed to occur as a result of nutrient competition, and resource availability. For example when nutrients are low, macroalgae may outcompete microalgae by utilizing previously stored nutrients in tissues (Solidoro et al., 1995; Lüning and Pang, 2003). Under high nutrient concentrations microalgae may benefit from having a larger surface to volume ratio than microalgae (Fong et al., 1993). A recent study on picoplankton abundance in an Integrated Multi-trophic Aquaculture (IMTA) site in Sanggou Bay, China, observed abundance to be lower within the kelp cultivation area than the shellfish area (Zhao et al., 2016), and attributed changes in abundance and distribution largely to grazing by protists, as opposed to higher nutrients in shellfish growing areas. This indicates that more complex interactions are occurring in large-scale kelp cultivation sites, and is reflected in emerging work from wild kelp forests. The microbial community structure and function within a kelp forest on Vancouver Island, Canada (Clasen and Shurin, 2015), was altered within the kelp forest studied. Bacteria were subject to increased viral-mediated mortality, and effects correlated with kelp forest size. Kelp cultivation sites may have similar effects on microplankton assemblage and function, and will need to be determined not only in relation to the size of the cultivation site, but also through a cascade of indirect effects, which will require further investigation.

Interactions With Benthic Species

As with finfish (Cromey et al., 2012) and shellfish (Chamberlain, 2001; Weise et al., 2009) farming, large areas of suspended kelp may alter sedimentation patterns (see section “Absorption of Kinetic Energy”) as well as the delivery of POM to the seabed [see section “Particulate Organic Matter (POM)”]. These drivers may change benthic community structure in affected areas.

In an area of extensive macroalgal cultivation in China (Sangou Bay), benthic species diversity was generally low, but can be greater in summer-autumn than in winter–spring (Zhang et al., 2009). The Norwegian Modelling - Ongrowing fish farms- Monitoring (MOM) system (Hansen et al., 2001) was used to assess benthic impacts of long-term large-scale aquaculture of shellfish and seaweed on the benthic environment and were considered to be low impact (Zhang et al., 2009). In a fish/kelp polyculture system in Sandu Bay, East China Sea sedimentary acid volatile sulfide content under kelp culture were observed to be greater (1.22 mg/g) than a control station (0.14 mg/g dw), but slightly lower than that recorded at a fish farm station (1.4 mg/g) (Zhou, 2012). Both the fish farm and kelp farm (separated by ca. 10 km) showed reduced benthic biodiversity compared to a control station (Zhou, 2012).

The impacts of benthic organic enrichment have been studied extensively for fish and shellfish sites, from the immediate changes in biogeochemical processes (Chamberlain, 2001; Holmer et al., 2005), to the subsequent changes in fauna where species abundance and richness can be reduced with proximity to finfish cage sites (Hamoutene et al., 2015). The dilution and loss of POM is currently minimized and monitored using hydrodynamic models in other aquaculture sectors [e.g., DEPOMOD (Cromey et al., 2002)]. Where releases of POM are considered sufficient to cause environmental harm, the magnitude and severity of environmental changes associated with seaweed cultivation may be modeled using similar tools to aid management decisions.

Interactions With Epifauna and Megafauna Species

Sublittoral kelps are recognized as important habitats for a range of invertebrate macrofauna (Christie et al., 2009; Norderhaug and Christie, 2011), which in turn supports a diverse ichthyofaunal assemblage (Norderhaug et al., 2005). One argument for cultivation rather than wild harvest relates to the ecological importance of kelp forests. Large-scale intensive cultivation of kelps is likely to provide additional habitat for a range of invertebrate and fish species, and kelp farms will naturally act as fish aggregating devices, as do shellfish (Davenport et al., 2003) and finfish farms (Dempster et al., 2009, 2011).

Extensive information exists on the macroinvertebrates which live in close association with wild kelps (Ojeda and Santelices, 1984; Dayton, 1985; Duggins et al., 1990; Anderson et al., 1997; Hepburn and Hurd, 2005; Christie et al., 2009; Zahn et al., 2016). This relationship is thought to be a result of increased habitat size and complexity in addition to increased grazing and filter feeding opportunities (Christie et al., 2009).

The creation of novel kelp habitats through cultivation could support positive changes to local ecosystems through the provision of habitat as well as increased food resources, traits that are also associated with wild kelp beds. However, as cultivated kelp is held in suspension and harvested frequently, it is likely to facilitate a different benthic assemblage than that associated with natural kelp beds. For example, holdfast communities of Laminaria digitata cultivated in Ireland provided habitat for a different and more diverse macroinvertebrate assemblage compared to wild kelp beds although both had similar volumes of epifauna (Walls et al., 2016). Furthermore, kelp cultivation which occurs in energetic coastal marine environments may result in physical abrasion and removal of some macroinvertebrates, offsetting the positive effects that kelps can have on macroinvertebrate recruitment (Connell, 2003).

There is limited evidence to suggest whether marine mammals and other megafauna will avoid or be attracted to cultivation activities and any responses are likely to be location- and species-specific. The consequence of displacement effects from cultivated area will depend on the relative importance of that habitat for foraging and migration and breeding (Markowitz et al., 2004). Avoidance of poorly sited operations may interfere with and restrict normal migration routes leading to ‘barrier effects.’ Conversely, cultivation activities may enhance foraging opportunities for some species. Larger transient megafauna including adult female bottlenose dolphins (Tursiops sp.) in Shark Bay Western Australia, avoid shellfish culture longlines (Watsoncapps and Mann, 2005), and Dusky dolphins (Lagenorhynchus obscurus) in New Zealand generally avoid areas occupied by longline structures (Markowitz et al., 2004). This is most probably due to the lines and buoys restricting the normal movement of schooling fish and making it difficult for the dolphins to carry out fish aggregation maneuvers (Wiirsig and Gailey, 2002). Thus it is possible that there will be some exclusion of cetaceans from large-scale macroalgal farms. In contrast, common seals are observed around mussel long lines (Roycroft et al., 2004) and the diet of young common seals can include crustacea and fish (Anderson, 1990), which are known to occupy macroalgal habitats. In most jurisdictions, marine mammals are protected and there is a statutory responsibility to consider interactions when planning marine developments. Little is known about the interactions of marine mammals with large-scale macroalgal farms but, given their potential to attract fish, these may present marine mammals with foraging opportunities.

It is likely that many bird species would benefit from increased foraging opportunities around kelp farms and research will be required to understand this interaction and to optimize management practices with respect to birds. However, in contrast to both finfish farms (Nemtzov and Olsvig-Whittaker, 2003) and shellfish farms (Zydelis et al., 2008) where birds may be a nuisance, kelp farms are unlikely to be negatively impacted by birds and it is probable that they would become useful habitat for several species by providing foraging opportunities.

In a scenario where seaweed cultivation becomes widespread, it will be necessary to characterize the artificial habitats created in order to assess the extent of positive ecosystem services whilst identifying negative interactions with associated species to determine suitable mitigation measures.

KEY GAPS AND RECOMMENDATIONS

Defining Scale

The sustainable development of seaweed farming in Europe will depend on the magnitude of potential environmental impacts, the scale of farm operations, and the sensitivity of the receiving environment (receptors) which will require site specific consideration (e.g., prevailing environmental conditions, habitats and other features of the surrounding environment).

The scale of the cultivation activities within a particular area has important implications for the magnitude of environmental changes and potentially the consequences of such changes on the receiving environment. This review had adopted terminology from the Scottish government’s seaweed cultivation policy document which identifies two scales of commercial seaweed cultivation (Marine Scotland, 2017): small-medium (0–50 × 200 m lines) and large (>50 × 200 m lines). At present, these scales are rather arbitrary with significant variation between cultivation site size and infrastructure. For example, when giving cultivation licenses the Norwegian government have recently practiced a limit of 10 hectares, above which additional requirements for environmental monitoring are required. The 10 ha limit is similar to the maximum extent of small-medium scale assuming 10 m of separation between growing lines. It is likely that as more information regarding the scale dependent environmental changes become available a clearer definition of policies linked to scale will be possible.

The variation in cultivation practices currently employed to grow seaweed in Europe make direct comparisons between sites difficult. However, the relative simplicity of the cultivation process means that attempts to correlate scale dependent environmental changes could be made against a few key features of a cultivation project. Equation 1 gives a simplified explanation for the relationship between the overall seaweed harvest removed from a site (site production), key features of the site and the growing system used. Thus allowing comparison between sites utilizing different cultivation practices.
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Equation 1. Yield = the average weight of seaweed produced per linear meter of growing line, and lines are defined as the structures attached to the mooring system which may be used directly to grow seaweed or support other structures (e.g., nets) to grow seaweed. Stocking density = the amount of growing line per m2 of cultivation area. Area = the total cultivation area used in a growing season and should include the full extent of surface and/or sub-surface structures.

It is likely that negative and/or positive environmental changes may be correlated with one or more of the variables expressed in equation 1. Future studies must work to reduce any negative environmental changes whilst maximizing economies from cultivation sites. Standardizing principle features of cultivation practices in this way may be beneficial, allowing for comparisons to be made between studies at different sites. Whilst a better understanding of the relationship between these variables can be used to determine the most economic and sustainable growing systems (e.g., determining the optimum stocking density for growth of a target species with well-defined environmental conditions).

Prioritizing Key Knowledge Gaps

Prioritizing research and monitoring objectives will facilitate the effective allocation of resources and with planning, support future managers and decision makers. Undertaking a qualitative assessment of anticipated environmental changes with respect to scale, legislative obligations, and standard environmental practices is challenging due to incomplete knowledge of the wider ecological systems that future seaweed cultivation projects are deployed. This has led to a high level of uncertainty for many impact pathways producing conservative upper limits for anticipated risk. It has, however, been possible to identify several important environmental risks based on this systematic review. These risks can be considered as either high, medium or low before mitigation options are in place. Those that have been identified as high risk include: genetic depression of natural algal populations, facilitation of algal diseases, changes to the physical environment through alteration of hydrodynamic regimes, entanglement of mega-fauna, and depletion of natural nitrogen pools in enclosed water bodies. Impact pathways which are identified as medium risk include: artificial habitat creation and absorption of light. Finally, those impact pathways that are considered here to be low risk include: release of particulate and dissolved organic matter, creation of noise, and pollution and disturbance caused by the addition of cultivation structures. A hypothetical risk assessment for each of the identified impact pathways in this review is presented in Table 1. This serves as a qualitative assessment to identify principle concerns and should be updated as new data becomes available. Risk assesment relating to specific cultivation activities must be assessed on a case-by-case basis. As the presence of receptors is not known in this hypothetical example it is assumed that both sensitive and non-sensitive receptors are present giving a range of results. Furthermore, assumed magnitude of change is based on the possible geographical and temporal extent of changes.

TABLE 1. Risk ranking of impact pathways.
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After mitigation, only genetic depression of natural algal populations and facilitation of algal diseases are considered to have the potential for widespread negative consequences for receptors requiring further mitigation. If compared to large-scale seaweed cultivation in countries such as; China, Indonesia, Philippines, and South Korea, the risks identified here are in line with the challenges limiting growth of the sector in the rest of the global industry (Cottier-Cook et al., 2016). Despite these challenges the environmental consequences of large-scale seaweed cultivation in these regions has remained relatively benign when compared to other form of aquaculture and can even offset risks by providing positive ecosystem services (Kim et al., 2017). Life Cycle Analysis of the environmental demands of global aquaculture systems revealed seaweed and mussel cultivation result in fewer demands on the environment per unit production than other form of aquaculture (Hall et al., 2011). Suspended shellfish cultivation is well-established and is managed across Europe with few environmental risks. If a European industry takes into account of the challenges currently being faced elsewhere in the global seaweed industry, and establishes monitoring and management systems to prevent the same problems from occurring, then seaweed cultivation could offer a low risk addition to the growth of the blue economy.

For most impact pathways good site selection to avoid sensitive areas, farm design and farm management are important considerations in the mitigation of risk. Furthermore, monitoring by growers may be undertaken for some impact pathways through the mandatory reporting of issues encountered within cultivation sites (e.g., entanglement events or infrastructure loss) to establish whether there is indeed a cause for concern. Furthermore, biosecurity planning for controlling the prevalence of disease and non-native species could also be considered standard mitigation practice.

Predicting scale-dependent environmental changes to habitats both within the farm and surrounding areas should be given careful consideration. Discerning which environmental changes are effects (encompassing both positive and negative) and which should be considered as significant impacts will require more investigation ensuring that complex interactions are resolved through focused research efforts spanning a range of geographical locations. Separate to this, many of the monitoring options available to growers and environmental managers center around ecosystem monitoring and it is important to consider what components should be monitored and why. For example, if maintaining the composition and abundance of existing benthic communities is considered important, what metrics should we then use to describe change, what scale is important when considering change, and what is an acceptable level of change all need to be clearly defined.

For many impact pathways the siting of cultivation sites in areas which minimize risk to sensitive marine features will be a critical step in minimizing the overall environmental cost, if any, of the proposed growing site (Table 1C). Many impact pathways created by the absorption of nutrients (namely nitrogen) or through alteration of the hydrodynamic conditions can be modeled to select areas that promote the absorption of anthropogenic sources of nitrogen whilst selecting productive sites for cultivation (Table 1A). The development of models used to determine the ‘carrying capacity’ of coastal areas will allow for the minimization of negative environmental interactions whilst supporting the industry to develop successful cultivation projects (Seghetta et al., 2016b).

Recommendations for Future Monitoring

Each new cultivation site will have a responsibility to demonstrate that existing conservation objectives will not be undermined and any potential environmental risks identified at the consenting stage are kept within acceptable limits throughout the lifetime of the project. Seaweed cultivation offers the potential for positive ecosystem services if managed correctly (e.g., bioextraction of nutrients at the water body level), but the net effect on the surrounding ecosystem could be negative where risks that have been identified in this review are not monitored appropriately. It will be necessary for governing bodies to agree on levels of environmental change that should trigger different management options (i.e., mitigation). Targeted monitoring programs can then be designed to understand the likelihood that thresholds have been exceeded with a known degree of scientific certainty. This avoids collecting monitoring data to assess the significance of changes against a null hypothesis of no-change. This later approach is highly limited as even a well-designed monitoring survey which details a statistically significant change tells us very little about whether to interoperate the result as a ‘significant impact’ requiring management. Justified thresholds are necessary to facilitate effective decision-making when managing important marine resources (Wilding et al., 2017). Conversely, setting monitoring obligations that are poorly defined and without first agreeing, where possible, levels of acceptable environmental charge will facilitate the production of ‘data-rich, information-poor’ (DRIP) data (Wilding et al., 2017). This situation has been observed in other marine industries where current monitoring programs are extensive and costly yet many provide little useful data in relation to ecosystem-scale changes necessary for the assessment of ‘impact’ for new projects (Wilding et al., 2017). It is recommended that when considering the appropriateness of a monitoring program to achieve a certain goal that a decision making process similar to Figure 3 be used. If the effort/cost of a monitoring program required to assess a change is not feasible then it is suggested that the monitoring program will result in inconclusive data as a result of limited resources. In the context of seaweed cultivation, the consideration of thresholds is extremely important given the complexity of a number of environmental changes many of which could be considered positive.
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FIGURE 3. A recommended example of the decision making process to a rationalized monitoring program with identifiable thresholds with agreed spatial and temporal domains [reprinted and adapted from Wilding et al. (2017) with permission from Elsevier].



Collaborative research with developers with emphasis on initial data collection, focusing, among other things, on high priority impact pathways is recommended. Much of this research may be regarded as monitoring (e.g., describing the genetic characteristics of natural populations as well as the prevalence of disease). However, if undertaken as a strategic collaboration between stakeholders, similar to research, it may benefit the industry as a whole and should focus initially at providing a robust description of baseline conditions in key growing areas to support future monitoring and decision making.

Following this review, current small-medium scale monitoring activities undertaken by developers as part of their consent agreement are only necessary where specific issues have been identified such as site specific features which may be sensitive to the activity. Large-scale projects will likely require additional monitoring to be undertaken and these must be informed by improved definition of the magnitude of environmental changes along with the severity of that change. Agreeing acceptable limits of change where possible will be necessary to design robust monitoring procedures, especially given a number of site specific ‘positive’ and ‘negative’ changes are likely to occur simultaneously in cultivation areas.

CONCLUSION

Seaweed cultivation if properly managed can provide ecosystem services whilst developing marine resources currently underexploited throughout Europe. Current cultivation sites are typically small-medium scale and if located and managed with consideration to environmental receptors pose a low risk to the receiving environment and associated features. However, an expansion of the industry necessitates a more complete understanding of the scale dependent changes in order to fully assess and manage risk. Targeted research and monitoring is therefore required to address knowledge gaps and facilitate informed decision making during consenting of larger projects. The production of biologically coupled hydrodynamic models to support the assessment of risk, understand carrying capacity of water bodies and select suitable sites which minimize negative environmental changes should be considered a top priority in cultivating countries.

General recommendations for standard monitoring include a focus on ensuring farm management is fit for purpose and an understanding of the baseline conditions, most notably natural population genetic diversity and algae disease prevalence is in place. Mandatory monitoring imposed at cultivation sites should be justifiable and based on an assessment of risk specific to the site characteristics and the operation. In time, a complete set of regulations for seaweed farming will likely be developed and implemented. This may include several different types of regulation managing features such as the genetic characteristics of cultivated crops, farm design, size, stocking density and materials used.
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A hypothetical risk assessment of a large scale cultivation project (100 ha) is shown in the table above. Risk scores summarize only negative changes and are based on the potential vuherabiity of associated
receptors along with the magnitude of potential change (0 = no negative consequences lkel, 1 = consequences possible for some receplors, 2 = negative consequences possible for receplors requiring mitigation,
3 = widespread negative consequences possible for receptors requiing mitigation, 4 = negative consequences possible for protected receptors requiing mitigation, 5 = widespread negative consequences possible for
protected receptors leading to consent being uniikel). The uncertainty Score relates to the current level of uncertainty associated with the predicted risk and assumes that steps have been taken to migate risk. Future
monitoring, and research needed to adress uncertainty is highlighted.





OPS/images/cover.jpg


OPS/images/fmars-06-00107-i001.jpg
K
Site production (kg) = Yield (—ﬂ)
n

—1
x Stocking density (”‘—2) x Area (i
s










OPS/images/logo.jpg
, frontiers
in Marine Science





