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Abstract

:

The demand for seafood products on the global market is rising, particularly in Asia, as affluence and appreciation of the health benefits of seafood increase. This is coupled with a capture fishery that, at best, is set for stagnation and, at worst, significant collapse. Global aquaculture is the fastest growing sector of the food industry and currently accounts for approximately 45.6% of the world’s fish consumption. However, the rapid development of extensive and semi-extensive systems, particularly intensive marine-fed aquaculture, has resulted in worldwide concern about the potential environmental, economic, and social impacts of such systems. In recent years, there has been a significant amount of research conducted on the development of sustainable saltwater-based food production systems through mechanical (e.g., recirculatory aquaculture (RAS) systems) methods and ecosystem-based approaches (e.g., integrated multi-trophic aquaculture (IMTA)). This review article will examine the potential negative impacts of monocultural saltwater aquaculture operations and review established (RAS) and novel (IMTA; constructed wetlands; saltwater aquaponics) saltwater-based food production systems and discuss their (potential) contribution to the development of sustainable and environmentally-friendly systems.
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1. Introduction


The human population is rising at a dramatic rate, doubling from 3 billion in the early 1960s to 6.5 billion in 2008, and currently standing at approximately 7.34 billion. It is expected to reach 9.7 billion by 2050 [1,2,3]. Global demand for fish (i.e., finfish, crustaceans, molluscs, and other aquatic animals) has increased significantly in recent decades, per capita consumption increasing from 9.9 kg in 1960 to 19.7 kg in 2013 [2,3]. Fish are considered an important source of essential micronutrients (i.e., vitamins and minerals), proteins, and polyunsaturated omega-3 fatty acids and has been shown to have positive effects in relation to heart disease, stroke, high blood pressure, muscular degeneration, some cancers, inflammatory disease to name but a few [4,5]. Over 3 billion people worldwide now obtain approximately 17%–20% of their animal protein (6.5% of total protein) from fish [6].



Capture fisheries have grown from a production of c.20 million metric tons (Mt) in the early 1950s to c.90 million Mt (70 million Mt for food use) in the late 1980s, providing the vast majority of global fish supplies during this period (e.g., 91% in 1980). Capture fisheries’ production levels have remained stable since the late 1980s. In contrast, aquaculture has seen an annual worldwide production growth rate of 6.3%–7.8% between 1990 and 2010 and is now the fastest growing food production sector [3,4,6,7]. This rapid expansion of the aquaculture industry resulted from: wild fisheries reaching or exceeding their sustainable limit; a high level of global investment; a lack of fishery policies that promote efficiency; improvements in aquaculture technology and management; and innovative techniques/technologies (e.g., RAS) [6,8,9]. It was estimated that, in 2011, 61.3% of marine fish stocks were fully exploited, 28.8% were overexploited, and only 9.9% were underexploited. Also, 13 of the world’s 15 major oceanic fishing areas are now fished at or beyond capacity [4,8].



In 2014, a landmark was reached when, for the first time, the contribution to the global supply of fish for human consumption from aquaculture (c.74 million Mt) if the space between c. and number necessary exceeded that from capture fisheries (c.70 million Mt). This is in stark contrast to 1950, when only 1 million Mt of finfish, crustaceans, and molluscs were cultivated from aquaculture [2,3]. The majority of aquaculture today (by tonnage) takes place in freshwater (c.60%), with the remaining taking place in seawater (c.32.3%) and brackish water (c.7.75%). Most aquaculture operations take place in the Asia-Pacific region (88%–89% of volume), with the vast majority occurring in China (60%–62% by volume & 51% by global value) [2,4,6]. Aquaculture production is composed mainly of freshwater finfish (c.55%) and marine/brackish molluscs (c.25%), finfish (c.10%), and crustaceans (9.5%) [2,10]. However, saltwater aquaculture will most likely increase over the coming decades, as global supplies of freshwater continues to decrease [3]. In this article, saltwater aquaculture refers to offshore and on-land (e.g., coastal) marine aquaculture and on-land aquaculture which utilizes non-coastal saline water (e.g., groundwater and artificial saltwater).



As the human population continues to expand and the capture fisheries industry stagnates, the reliance on farmed fish as a fundamental source of protein will also increase. Aquaculture has a number of potential positive impacts such as: reducing the pressure on wild stocks; rebuilding depleted wild stocks through stock enhancement; bioremediation and wastewater treatment (e.g., in RAS); providing a vital source of affordable fish-based protein and income; and in some locations effluent discharge can sometimes increase local abundance and diversity of species [2,7,11,12,13,14,15,16]. However, there are also potential negative environmental, social, economic, and health concerns resulting from aquaculture (predominantly monoculture operations). Some of the main concerns include: environmentally damaging levels of effluent discharge; water consumption; farmed fish escapes; transmission of parasites and disease; presence of contaminants; reliance on wild fish for fishmeal & oil addition to aquaculture feed; and negative employment and income effects [2,4,6,7,8,17,18,19]. To ensure the sustainable development of the aquaculture industry it is of paramount importance to develop technologies and production systems that mitigate these impacts.



This paper will examine the potential negative impacts of monocultural saltwater aquaculture operations and review established (i.e., recirculating aquaculture systems (RAS)) and novel (i.e., Integrated Multi-trophic aquaculture (IMTA); constructed wetlands; saltwater aquaponics) saltwater-based food production systems and discuss their contribution (or potential contribution) to the development of sustainable and environmentally-friendly systems.




2. Potential Negative Aquacultural Impacts


Although aquaculture has become one of the most promising avenues for increasing fish production against a backdrop of continued human pressure on marine fisheries and ocean resources, extensive research has identified a number of potential ecological, social, and health impacts resulting from the aquaculture industry. The main impacts identified in the literature are discussed in this section.



2.1. Effluent Discharge and Contaminants


The discharge of effluent from aquaculture to the aquatic environment falls under three main categories: (1) continuous from aquaculture production; (2) periodic from farm activities; and (3) periodic discharges of chemicals [4,20]. Discharged aquacultural effluent contains metabolic waste products such as feces, pseudofeces, excreta, and uneaten feed, major contributors to organic and nutrient loading in the vicinities of aquaculture farms [4,21,22]. The scale of uneaten feed is dependent upon: farm operator’s personal experience and qualifications; feeding management (automated or manual); and feed ingredients [4,22]. It is estimated that 52%–95% of the nitrogen and 85% of the phosphorus input to marine aquaculture systems through feed may be lost to the environment through fish excretion, feces production, and feed wastage. The resulting organic enrichment causes environmental damage to receiving water bodies and sediments [23,24].



Chemical inputs to aquaculture, such as prescribed compounds (e.g., pesticides and pharmaceuticals), antifoulants, anaesthetics, and disinfectants, are an environmental concern when released in effluent water. The use of antibiotics is of particular concern as it may affect non-target species resulting in antibiotic resistance and other toxic effects. The prophylactic use of therapeutants is also a great concern due to their persistency in the environment [18,20,25]. It has been shown that levels of copper and zinc are significantly elevated close to aquaculture sites, in particular, areas where intensive cage aquaculture takes place. Antifoulant paints applied to cages and nets to prevent the attachment of epibiota often contain copper. Unfortunately, copper has low solubility in water and accumulates in sediments. Studies have shown that high concentrations of copper can inhibit the reproduction of some phytoplankton species, subsequently impacting species diversity and can have a negative impact on their diversity. Algae, crustaceans, and molluscs are also very sensitive to copper [4,25,26,27,28]. Zinc, like copper, binds to fine particles and sulphides in sediments. It is used as an additive to aquafeed, sometimes in excess of the species’ dietary requirement. Fortunately, a number of feeds use zinc methionine, which is a more available source of zinc, resulting in a feed with extremely low levels of required zinc. Elevated levels of zinc have been shown to cause lethal and sublethal responses in invertebrates. Marine algae are also very sensitive to zinc [4,25,29]. Several natural and man-made contaminants are found in higher concentrations in farmed than wild fish. Such contaminants include polyaromatic hydrocarbons (PAH), dioxin, organophosphates (OP), polybrominated diphenyl ethers (PBDE), and polychlorinated biphenyl (PCB). Antibiotic contamination was only found to occur in farmed fish. Exposure to these contaminants can have a number of associated risks such as antibiotic resistance, memory impairment, cancer, and neurocognitive, endocrine, hormonal, immune, and cardiovascular abnormalities [18,30,31,32,33,34,35,36,37,38,39,40]. Although mercury contamination levels were found to be no higher in farmed fish than in wild fish, the interactive toxic effects of mercury with co-existing man-made contaminants are unknown. Mercury contamination of fish has been linked to neurocognitive abnormalities in populations with a high level of fish consumption and to the occurrence of Minamata disease [30,41,42,43].



Sources of these contaminates include fish feed and the inappropriate location of aquaculture farms in areas of high naturally occurring contaminants [18,30,31,35,37]. A number of approaches can be taken to reduce the potential for contamination of farmed fish meat. Firstly, locating farms in areas with low levels of naturally occurring contaminants [18]. Secondly, dioxins and PCD-like contaminants should be removed from fish feed through partitioning and decontamination processes [44]. Alternatively, a contamination-free feed (potentially of a higher cost than standard feeds) could be used towards the end of the culturing cycle prior to harvesting, allowing for the natural clearance of toxic chemicals [45]. Thirdly, advisory bodies can recommend fish consumption limits, especially for susceptible people (e.g., pregnant women) [18,46].



The most commonly practiced waste management solution for cage aquaculture is “dilution is the solution” and untreated effluent is released to the surrounding waters. In locations that have little flushing by tides and currents, this type of philosophy is problematic as cage aquaculture effluent can have an enormous impact on the ocean floor extending from 100 to 500 feet in diameter. However, for areas that are well flushed, water quality problems and benthic impacts should be minimal. In closed systems (e.g., onshore RAS), waste management technology is utilized to minimize harmful effluent discharge into surrounding waters [8,21,47,48].




2.2. Water Consumption


One of the most common solutions for excess nitrogen removal from on-land aquaculture farms is the frequent exchange and replacement of water, however, this method has a number of restrictions. Many nations have governmental regulations that limit the release of nutrient-rich water to the environment and there is an enormous cost associated with the pumping of large volumes of water [4,49]. Depending upon local conditions, grow-out stage, and feeding cycle, the daily water exchange rate of pond aquaculture systems, for example, can range from 3% to 30% of the pond’s volume [50,51]. A reduction in effluent volume would considerably decrease the volume of water that would need to be exchanged or replaced while also limiting the potential polluting impacts of on-land aquaculture [4,52].




2.3. Farmed Fish Escapes


Accidental release of farmed fish into natural waters can lead to a number of ecological risks, including: increased competition for space, prey, and/or mates; pathogen, disease, and parasite transmission; interbreeding between farmed and wild fish resulting in reduced fitness of wild cousins or wild stock enhancement resulting in genetically distinct fish from their wild cousins; habitat damage; and water quality alterations [4,7,8,53,54,55,56,57,58,59]. Many of the general features of successful invasive species (i.e., rapid growth, early sexual maturity, high genetic variability, broad environmental range, and a short generation time) are also common features of aquaculture species [4,7]. The escape of farmed salmon through sporadic and mass events is well recorded [39,60,61,62,63]. In the early 1990s, a study conducted by Hansen et al. (1993) found that up to 40% of Atlantic salmon caught by fishermen in oceanic waters north of the Faroe Islands were of farmed origin [61]. Since the 1980s, over 255,000 farmed Atlantic salmon have escaped and been caught by fishermen from Washington to Alaska [62]. Various studies have provided evidence that farmed Atlantic salmon (Salmo salar) escapees may hybridize and alter the genetic composition of wild populations, potentially exacerbating the decline of local endangered populations of wild Atlantic salmon [56,63,64]. Naylor et al. (2005) showed that farmed Atlantic salmon introduced to their native range are more likely to hybridize with local populations than, for example, farmed Atlantic salmon escaping into non-native regions (e.g., the Pacific) [60].




2.4. Parasite and Disease Transmission


There are a number of diseases and parasites that have the capability to spread between farmed and wild fish and their transmission can occur when infected farmed fish come in contact with wild host species (e.g., infected farmed escapees) or when wild fish migrate or move through plumes of an infected cage or disease outbreak [8,60]. In a lot of cases, pathogens originate from wild populations, but reach epidemic proportions in intensive cage aquaculture operations, risking further, more intensified infection of wild stocks [8]. A number of studies have provided modelled and empirical evidence indicating that sea lice do transmit from farmed to wild salmon and this transmission causes massive mortalities or collapse of infected wild stock [65,66,67]. The movement of aquaculture stock can increase the risk spreading pathogens to wild species. For example, in Europe, serious epidemics of Gyrodactylus salaris in wild Atlantic salmon stocks have been linked to the movement of fish for aquaculture and re-stocking [17,68]. Studies have also indicated that the movement of aquafeed around the world can be a vector for disease transmission [8,69].




2.5. Fishmeal and Oil


Most carnivorous, diadromous fish and marine finfish farm operations require an input of wild fish (i.e., live pelagic fish or low value “trash fish”) or feed containing components of wild fish origin (i.e., fishmeal or fish oil) [8,70]. The proportion of farmed aquatic species raised on supplementary feed inputs continues to rise, reaching almost 70% of total aquaculture production in 2012. Mollusc species (e.g., mussels and oysters) account for approximately 23% of global farmed seafood production and do not need to be fed, instead taking their nutrition from the surrounding environment (e.g., plankton & detritus), resources that are otherwise not directly exploitable by humans [6,71]. The efficiency in which the farmed fish utilize the feed (known as feed conversion ratio (FCR)) the quantities of fishmeal and fish oil contained in the feed, and the amount of wild fish used to produce the feed, are important factors determining the economic profitability and environmental impacts of aquaculture [2,8,17,19,72,73,74,75]. For example, fishmeal and fish oil generally constitute 50%–75% by weight of carnivorous marine farmed finfish aquafeeds. For salmon, feeds typically contain 35%–40% fishmeal and 25% fish oil, however, some diets containing less than 20% fish oil exist [8,70,76].



Overall, the aquaculture industry has made significant strides in feed efficiency and feed inputs over recent decades. The ratio of wild fish input to farmed fish have fallen to 0.63 for aquaculture overall. However, it is important to note that this figure remains as high as 5.0 for Atlantic salmon. Improvements in FCR ratios and reductions in fishmeal and fish oil inclusion rates in aquaculture feeds have also been made [2,19,74,77]. Despite these improvements, the continued growth of feed-reliant aquaculture has resulted, within the last decade, in the doubling of aquaculture’s share of global fishmeal and fish oil consumption to 68% and 88%, respectively [19,77]. An estimated 20–30 million Mt of reduction fish are fished from the oceans each year to produce fishmeal and fish oil. These fish tend to be low on the marine food chain and include small pelagic fish species such as Peruvian and Japanese anchovy, blue whiting, Atlantic herring, and chub and Chilean jack mackerel. Additionally, an estimated 5–9 million Mt of “trash fish” and other small pelagic fish are used in non-pelleted, farm-made feeds [2,78,79]. Most forage fish are either fully exploited, overexploited, or in the process of recovery from overexploitation. These forage fish play an essential role in converting plankton into food for higher trophic level species such as: humans, larger fish, marine mammals, and seabirds [2,19,80]. A number of alternatives to fishmeal and fish oil from forage fish are possible and are currently being researched, including: terrestrial plant alternatives; vegetable proteins and oils; terrestrial animal byproducts (e.g., rendered animal products); fish/seafood processing waste; new genetic and metabolic engineering techniques to produce long-chain omega 3 fatty acids; development of single-cell organisms; microbial (e.g., bacterial) and algal proteins; oils produced by industrial fermentation technology; and the use of (lower trophic level organisms) less-common feed inputs such as krill, polychaetes, insects, and macroalgae [2,6,17,19,81].




2.6. Social Welfare


Aquaculture can generate a large amount of employment for communities. In some coastal regions of Scotland and Norway, for example, the salmon farming industry is the largest private-sector employer. Also, in Maine, where communities once relied on now-collapsed wild fisheries, the benefits from employment in the salmon aquaculture industry have been significant [8].



However, in a broader context, experiences from the growth of the salmon farming industry has shown us that the employment and income losses in the fish capture industry may be as large, or larger, than the employment and income generated for coastal communities through aquaculture [21,60,82]. There is also no guarantee that those fishermen who have lost their jobs due to overfishing and/or as a direct or indirect result of aquaculture growth will find employment in the aquaculture industry or that local communities will benefit from this growth. In Canada, most of the employment gains resulting from the aquaculture industry were limited to areas where hatcheries and processing facilities are located [21]. Grow-out operations can often lack community roots, depending upon a supply of feed, larvae, supplies, equipment, and a skilled workforce from areas distant from the production site. This type of situation rarely has a noteworthy income multiplier effect for local communities [83,84]. Finally, if large multinational companies control a vast majority of the aquaculture industry, as is the case for salmon aquaculture, a large share of the sector’s income gains are secured by these companies and the benefits to local communities become limited [21].



The aquacultural production of high trophic level fish species often relies on fishmeal and fish oil from pelagic fish for the production of aquafeeds. These high trophic level fish are mainly aimed towards the markets of developed countries and has negative implications for developing countries that depend on pelagic fish, or fish that feed upon pelagic fish, as a direct source of protein. This demand for pelagic fish for direct consumption will most likely rise as the population grows in developing countries [8,17].



Other potential social conflicts and impacts on other users of water-bodies that can arise from the development of the aquaculture industry, include: blocked access to water-body resources by pond or cage structures; navigational hazards; privatization of public waterways and lands; and the conversion of agricultural (e.g., rice paddies, pastures), residential, and common waterways and land [85,86,87].





3. Recirculating Aquaculture Systems (On-Land)


A lack of space for expansion, competition with other users for sites, concerns over pollution, and the high costs associated with pumping large volumes of water (e.g., with flow-through on-land aquaculture farms) are major obstacles to the sustainable expansion of the saltwater aquaculture industry [52,88]. One effective solution is the rearing of fish in recirculating aquaculture systems (RASs); defined in a paper by Zhang et al. (2011) as “land-based aquatic systems where the water is (partially) re-used after mechanical and biological treatment in an attempt to reduce the consumption of water and energy and the release of nutrients into the environment” [89,90]. In general, with RASs, large solid particles of uneaten feed, feces, and bacteria are concentrated and removed by settling or mechanical filtration and fine particles (<100 microns) are removed by ozone treatment and/or foam fractionation [2,91]. Some forms of dissolved nitrogenous wastes (i.e., ammonia and nitrite) are toxic to fish and are removed from the wastewater in biofilters containing denitrifying bacteria (e.g., biofilm filtration). In the biofilter, Nitrosomonas sp. and Nitrosococcus sp. oxidize ammonia into nitrite and then Nitrospira sp. oxidize nitrite into nitrate [92,93,94]. Although high levels of nitrate are tolerable to fish [92], long-term exposure can be harmful to some species (e.g., Turbot (Psetta maxima)) [92,95]. To combat this, many RASs will use anaerobic ammonium oxidation (anammox) to convert ammonia and nitrite directly into nitrogen gas [94,95,96,97]. Fish and bacterial metabolism strips water of dissolved oxygen while increasing concentrations of carbon dioxide (CO2). Therefore, many operators will run air through the CO2 rich wastewater to degas the CO2 and increase the oxygen concentration [91]. Ozone gas and ultraviolet lamps are also often used to kill fungal, viral, bacterial, and protozoan pathogens in the water prior to its re-entry to the culture tanks or being discharged [98,99].



RASs have a number of advantages over conventional aquaculture systems. They vastly reduce water consumption. RASs enable up to 90%–99% of the water to be recycled and water use in saltwater RASs can be as low as 16 L/kg of fish. This is in stark contrast to conventional aquaculture systems that use 3000–45,000 L of water/kg of seafood produce [88,100,101]. RAS are flexible. Due to this low water requirement, RASs can be located on land unsuitable for other food production methods (e.g., deserts, post-mining lands, urban areas) and/or close to markets, which results in local employment and revenue opportunities and reduced shipping and transportation costs [2,102,103,104]. They improve opportunities for waste management, nutrient recycling, and biological pollution control. The majority of excess nutrients and waste material (uneaten feed, feces, dead bacteria) are removed before water is released to the environment, subsequently, RASs reduce potential negative impacts on marine and saline environments and ecosystems [2,88,89]. RASs improve conditions for cultured fish by having greater control over environmental and water quality parameters and enhancement of feeding efficiency. Subsequently, RASs can allow for higher stocking densities than most aquacultural systems [91,100,104,105,106,107,108,109,110] by sterilizing the water prior to (re)entry to the fish tanks, pathogens and contaminants are removed, reducing the risk of disease outbreaks and contaminant uptake by the fish [18,104,111]. Due to the on-land and recirculatory nature of RASs, the potential for fish escapes is greatly reduced [2,104]. Ultimately the wastes removed from RAS water must be dealt with. The solid wastes removed from a RAS are rich in nitrogen and phosphorus and can be used in methane production, polychaete culture, vermicomposting, and as an agricultural fertilizer. Therefore, the byproducts of RASs can be sold to other industries. Also, the higher stocking densities, year-round production, and reduced water costs are an economic advantage [2,110].



Despite having a number of advantages over conventional aquaculture systems, RASs also have a number of constraints, namely, high capital and operational costs, a requirement for extremely careful management, and difficulties in treating disease [2,88]. The cost of setting up a RAS is very high, therefore, future profitability is uncertain, discouraging many from investing [91,104]. A high level of electricity is required to run recirculating systems that function on a continuous basis, subsequently, RASs consume far more energy than most other types of aquaculture [112,113]. The total energy consumption (including feed) of carnivorous finfish RAS facilities is estimated to range from 16 to 98 kilowatt hours per kilogram (kWh/kg) of fish produced. In comparison, net pen aquaculture consumes approximately 7.4 kWh/kg and flow-through farms approximately 27.2 kWh/kg for similar species of fish [113,114]. Surveys of RAS operators conducted by Badiola et al. (2012) identified the following barriers to the successful operation of RASs: poor system design, poor management (mainly due to unskilled laborers taking responsibility of water quality and mechanical problems), a lack of communication between parties (e.g., between different operators or suppliers), and a disincentive to share information and knowledge within the industry. Badiola et al. (2012) identified two key priorities necessary to improve RAS operations: (1) Improvement of equipment performance. This can be achieved through commercial-scale research to try and identify the best combination of devices on a site-specific basis; (2) the development of a specialized RAS platform for the sharing of knowledge amongst the relevant personnel [88]. If recirculated water is not properly sterilized, the reuse of water in RASs can lead to contaminants from feed and system components and diseases/pathogens accumulating in the system [18,104,111]. However, two studies by Tal et al. (2009) and Martins et al. (2011) found that contaminants in RASs were either below harmful levels or undetectable [90,100]. The use of denitrifying bacteria in RAS biofilm filtration systems has three possible constraints that may negatively impact survival, growth, and reproduction of the cultured organism. Firstly, nitrifying bacteria compete with the cultured organism for oxygen. Secondly, nitrate can be converted into the toxic nitrite under anaerobic conditions. Thirdly, RASs using biofilm filtration tend to acidify over time due to the respiration of the biofilm and the cultured organisms [115,116,117,118]. Although RASs improve feed efficiency, the high cost of setting up and running a RAS means that most operators will choose to cultivate high value carnivorous fish, which consume relatively high levels of fishmeal and fish oil [91,104]. To improve upon some of these constraints, feed inputs need to be altered, energy efficiency needs to be improved, and the conditions for bacterial growth need to be optimized [104]. Novel solutions include: bio-floc technology, which greatly reduces the flow rate and suspended communities of microbes (i.e., flocs) convert toxic nutrients into biomass that can be consumed directly by fish or shrimp [119] and periphyton-based systems whereby artificial substrates (e.g., poles, bamboo) are added to the culture system to attract organisms which remove nutrients and provided (additional) food for the cultured animals [120].




4. Integrated Multi-Trophic Aquaculture (Offshore and On-Land)


Another approach to tackling the negative impacts of aquaculture is an ecosystem-based approach to aquaculture management. To be considered an ecologically sound system, these “ecological aquaculture” systems should be designed under the following criteria: preservation of natural ecosystems; environmentally friendly nutrient management; significant reduction or absence of harmful chemicals and antibiotics; trophic level efficiency; and farmed fish escape prevention. It would also be beneficial if these systems improved the economies and provided employment in the areas in which they are located [8,83]. In the following sections, we will discuss established and novel saltwater food production systems that most closely follow the listed criteria for an ecosystem-based approach to saltwater-based food production.



The concept of integrating aquaculture production is not a new one and has been practiced in Asian countries for centuries through trial, error, and experimentation [121,122,123,124,125]. Integrated farming, predominantly in fresh and brackish water pond systems, is an ancient practice in China and has become more refined since the implementation of agricultural and rural development policies since 1949. These policies were motivated by the high population growth in China and the need to maximize productivity of available land and water. They were also based on a philosophy of diversified self-reliance of food and raw material production and the use of by-products (i.e., wastes) as an input to produce other resources [126,127]. This integrated form of farming is often referred to as polyculture, “the (usually) simultaneous cultivation or growth of two or more compatible plants or organisms (especially crops or fish) in a single area” [128]. In contrast, the western world tends to focus on high value, intensive monoculture, which has many potential negative outcomes. Unfortunately, many newcomers to the industry from Asia are following this trend, due to the temptation of expeditious financial gains that result from the monocultural production of fish or shrimp [126].



Integrated Multi-trophic Aquaculture (IMTA) combines, in the appropriate proportions, the cultivation of fed aquaculture species (e.g., finfish/shrimp) with organic (e.g., bivalve molluscs) and/or inorganic extractive species (e.g., seaweed). It is a practice in which the wastes from one species are recycled and become the inputs (e.g., fertilizer, food and energy) for another [126,129,130]. IMTA differs from the traditional practice of aquatic-polyculture in that it incorporates species from different trophic levels, whereas with polyculture, the species tend to be from the same or similar trophic levels, and therefore share the same biological and chemical processes, providing few synergistic benefits [4,130]. The principles of IMTA can be applied to saltwater and freshwater operations on land, near the coast or offshore [2,129]. To function well in open-water IMTA systems, the culture of organic extractive species (e.g., shellfish or deposit-feeding invertebrate) and/or inorganic extractive species (e.g., macroalgae) should take place in close-proximity to the cages, usually somewhat downstream to ensure effective uptake of nutrients [131,132]. Offshore IMTA relies on currents to move nutrient-rich water from fed to extractive species. Coastal and pelagic currents can be difficult to predict and are location and seasonally dependent. Correct positioning of additional crops will require experimental trials and/or modelling [2]. The organic extractive species consume particulate organic matter (i.e., uneaten feed/food and feces) and the inorganic extractive species uptake ammonia, nitrate, phosphorus, and carbon dioxide and release oxygen [2,131,132]. On land, IMTA setups usually take place in tanks, ponds, or as a wetland addition for wastewater treatment. Within the literature on-land IMTA has been broken down into two additional sub-groups (halophyte wetlands and saltwater aquaponics), both of which include an inorganic extractive species as a component of their integrated, multi-trophic system. These will be discussed in more detail in Section 4.1 and Section 4.2. It is important to note, that an on-land IMTA system that does not contain an inorganic extractive species would not fall into these two sub-groups and is simply referred to as an on-land IMTA or integrated system. A number of potential candidate species have been identified for their inclusion in offshore and on-land IMTA operations, a number of which are detailed as follows.



Inorganic Extractive Species (i.e., Seaweeds & Aquatic Plants)



Seaweeds are very effective and efficient at taking up nutrients (i.e., nitrogen and phosphorus), making them an ideal bioremediation tool for aquaculture. Studies have shown that seaweeds can remove up to 60% of dissolved inorganic nitrogen and phosphorus [24,133,134]. Intensive seaweed production requires a constant nutrient supply, especially in the summer when warm waters are generally nutrient depleted. Integrating seaweed into fish aquaculture in coastal waters can alleviate the seasonal nutrient depletion by using constant nutrient supply from fish farms [23,126]. Seaweeds have a high market value and are sold worldwide for human consumption, phycocolloids, feed supplements, agrichemicals, neutrachemicals, and pharmaceuticals. In 2014 alone, the global culture of algae reached approximately 27–28 million tons at an estimated value of US$5–6 billion [3,4,131].



Gracilaria is one of the most exploited seaweed genera worldwide [133] and therefore, one of the most commonly studied candidate species for integration into offshore IMTA systems. A number of at sea trials integrating seaweed with monocultural mariculture operations are detailed below, however, a comprehensive list of references is available in Troell et al. (2003), Neori et al. (2004), and Granada et al. (2015) [4,131,135].



Candidate inorganic extractive species for on-land IMTA include seaweeds, halophytes, and low-moderately saline tolerant glycophytes. These will be discussed in more detail in Section 4.1 and Section 4.2.



Studies by Fei et al. (2000; 2002) found that when the economically important Gracilaria lemaneiformis was grown near fish net pens on 5 km of rope, they achieved extremely high levels of growth. The density increased from 11.6 to 2025 g·m−1 over a 3 month growth period and when they enlarged the culture density to 80 km of rope, they achieved 4250 g·m−1 over the following 4 months. They achieved a final biomass of 240 metric tons (fresh weight (FW)) and attributed this success to its culture in close proximity to the fish cages [136,137]. Zhou et al. (2006a) co-cultivated longlines of G. lemaneiformis c.12 m from black snapper (Sebastodes fuscescens) cages and results indicated that this seaweed is a good candidate for seaweed/fish integrated mariculture for bioremediation and economic diversification. G. lemaneiformis achieved a maximum growth rate of 11.03%·day−1 and mean N and P uptake rates of the thalli were estimated at 10.64 and 0.38 μmol·g−1·dry weight (DW)·h−1. When Zhou et al. (2006a) extrapolated these results, they calculated that 1 Ha of G. lemaneiformis cultivation in coastal fish farming waters would give an annual harvest of over 70 tons FW (9 tons DW) and 0.22 tons N and 0.03 tons P would be sequestered from the seawater [23]. Buschmann et al. (2008) installed a 100 m seaweed longline approximately 100 m from a salmon farm that produces 2500–3000 tons of biomass of fish per annum. The longline was positioned in the main water flow that had an average current speed of 7.6 cm−1 and 2.6 cm−1 during the flood and ebb period respectively. This 100 m longline contained G. chilensis and M. pyrifera at depths of 1 m, 3 m, and 6 m. The growth rate reached an average of 6%·day−1 and 4%·day−1 for M. pyrifera and G. chilensis respectively, equating to an annual production of over 25 kg·m−1 of M. pyrifera during a 9 month production period and an average of 2.8 kg·m−1·month−1 during the spring for G. chilensis. Optimal growing conditions occurred in the spring for both species and at a depth of 3 m for M. pyrifera and 1 m for G. chilensis. The nitrate uptake rate was higher for M. pyrifera than G. chilensis in the spring at 11.8 ± 4.5 μM·g(DW)−1·h−1 compared to 4.9 ± 2.3 μM·g(DW)−1·h−1. However, the annual range is higher for G. chilensis at 1.2–35.6·μM·g(DW)−1·h−1 in comparison to 3.7–16.9 μM·g(DW)−1·h−1 for M. pyrifera. The incorporation of seaweed species with different light requirements to an IMTA system allows for the utilization of different water column depths and subsequently increases their efficiency and effectiveness as biofilters [138].



Abreu et al. (2009) deployed 3 × 100 m longlines (1 m depth) of G. chilensis at a distance of 100 m (L1), 800 m (L2), and 7 km (L3) from salmon cages (production capacity of 1500 tons) in order to receive the main flow of nutrients discharged from the salmon farm during flood tides (average currents: 7.6 cm·s−1 and 2.4 cm·s−1 during the flood and ebb periods respectively). A fourth longline cultivation unit (L4) was also set up as a traditional bottom culture in a separate location not impacted by the salmon farm. The two longlines positioned closest to the salmon farm (L1 and L2) performed best in terms of productivity and nitrogen removal. Although the L1 and L2 longlines both had a relative growth rate (RGR) of approximately 4%·day−1 in the summer and 2%·day−1 in the autumn, the L2 longline had stronger productivity at c.1.7 kg·m−1·month−1 in comparison to c.1.48 m−1·month−1 for L1. In terms of N removal, L2 removed an average of 9.3 g·m−1·month−1, while L1 removed an average of 7.8 g·m−1·month−1. The lower levels of production 100 m from the cages (L1) could be attributed to the higher occurrence of epiphyte growth on these seaweeds. Abreu et al. 2009 estimated that a 100 Ha G. chilensis longline system at a distance of 800 m would effectively remove 100% of the N inputs from a 1500 ton salmon farm [133].



Organic Extractive Species (i.e., Invertebrates)



Filter-feeding invertebrates filter large volumes of water to meet their food requirements and have a high level of efficiency in retaining small particles, including bacteria [4,139]. Several studies have shown that bivalves have enormous potential as biocontrollers of fish farm effluent [140,141,142,143]. For example, Reid et al. (2010) measured the absorption efficiency of blue mussels (Mytilus edulis and M. trossulus) feeding on Atlantic salmon feed and fecal particulates and found removal rates of up to 54% of total particulate matter [143]. Macdonald et al. (2011) found that the oyster, Saccostrea commercialis, is effective at reducing total suspended solids, and total N and P released from an Atlantic salmon farm [140]. Studies have also shown significant growth increases in oysters and mussels have been achieved when co-cultured with salmon [140,141,142]. Some studies have suggested that bivalves have the potential to act as a reservoir for finfish pathogens. For example, Pietrak et al. (2012) demonstrated the capability of M. edulis to bioaccumulate Vibrio anguillarum in the digestive gland at twice the magnitude found in the water column. If V. anguillarum can persist in mussel fecal pellets, it is possible that mussels could generate Vibrio reservoirs in sediments and/or fecal matter [4,144]. Other studies, however, have demonstrated that bivalves are not hosts, instead consuming parasites or inactivating pathogens [145,146]. More research into bivalves’ ability to act as pathogen reservoirs is required, however, steps can be taken to minimize the risk of transmission. Farms should be positioned in locations with sufficient water depth between the bottom of the cage and the benthos at low tide [4]. Nevertheless, it has been shown that bivalves have the capability to reduce the environmental and ecological impacts of aquaculture while at the same time providing a valuable crop for the farmer. Bivalves are therefore ideal candidates for IMTA systems [4,140].



In the natural environment, sea cucumbers are detritus feeders that ingest sediment containing animal and plant organic matter and are therefore considered important processors of surface sediment, making them ideal bioremediation candidates for coculture in an IMTA system [147,148]. MacDonald et al. (2013) conducted land-based tank trials and found that the cotton-spinner (Holothuria forskali) readily consumed European seabass (Dicentrarchus labrax) waste diets at a level that was suitable to process biodeposition beneath commercial sea-bass cages. The grazing by H. forskali also reduced the total N content of D. labrax waste in a short-term controlled feeding experiment and suppressed total carbon (C) content in a long-term controlled feeding experiment [149]. H. forskali has not yet been utilized on a commercial scale, however, it is a high quality protein source that also has a number of biological features that have potential applications in biotechnology and pharmaceuticals [150,151,152,153]. The Japanese common sea cucumber (Apostichopus japonicus) is a valuable species across Asia and studies have demonstrated its potential for integration into an IMTA system. Yokoyama (2013) showed that A. japonicus cultured under fish cages exhibited enhanced growth and survival and showed evidence of fish feces and organic settling matter ingestion [147]. Kang et al. (2003) cocultured A. japonicus and charm abalone (Haliotis discus hannai) in tanks and found the levels of ammonium nitrogen and nitrite in the water of cocultured groups were lower than the control group (abalone only). Also, the abalone growing in the coculture had significantly better growth and survival, highlighting A. japonicus’ ability to reduce the levels of inorganic N in the water [154]. Zhou et al. (2006b) showed that Chinese scallop (Chlamys farreri) lantern nets provide a good habitat for A. japonicus and they grew well when in close proximity to these nets [155]. The California sea cucumber (Parastichopus californicus) has demonstrated its ability to consume fouling debris such as detritus from shellfish (e.g., oysters), fish feces, excess fish feed, and algae [4,156,157]. Other species of sea cucumber that have been assessed for their potential role in IMTA systems are the orange-footed sea cucumber (Cucumaria frondosa) and the Australian brown sea cucumber (Australostichopus mollis). C. frondosa has demonstrated high absorption efficiency (>80%) of salmon feed and feces [158] and A. mollis cultured below mussel farms grow rapidly and significantly reduce the accumulation of organic carbon and phytopigments associated with biodeposition from these farms [141,159,160,161].



Other novel potential additions to IMTA systems include polychaetes and sponges. Polychaetes are highly efficient at filtering, accumulating, and removing waste bacterial groups such as vibrios and potential human pathogens with high levels of efficiency [162,163]. They can also ingest and assimilate fecal waste from aquaculture farms. One study found that the polychaete Perinereis nuntia vallata converted approximately 50% of the nitrogen ingested from Japanese flounder (Paralichthys olivaceus) wastewater into body tissue [164]. Another study involving two species of intertidal polychaetes (Perinereis helleri & Perinereis nuntia) cultured in sand-beds to remediate wastewater from a prawn farm revealed that the polychaete filtration process significantly reduced chlorophyll a and suspended solids [165]. Polychaetes have commercial value in the saltwater aquarium industry and a number of species have been shown to have antibacterial properties that have applications in the biotechnology industry [4,166]. Like polychaetes, sponges have the ability to utilize bacteria [166] and filter organic particles [139,167,168]. Stabili et al. (2006) showed that Demospongiae (Porifera) unselectively filter organic particles of 0.1 mm–50 mm in size, retaining up to 80% of suspended solids after processing the water column within 24 h. Organic particles that fall within this size range include: heterotrophic eukaryotes and bacteria, phytoplankton, and detritus [139]. Other studies conducted on Mediterranean sponges (Dysidea avara, Chondrosia reniformis, Chondrilla nucula, and Spongia officinalis var. adriatica) have shown great filtering efficiency and improved growth when cultured in close proximity to aquaculture farms [167,168,169]. Sponges have enormous commercial potential in the areas of biotechnology, pharmaceuticals, and cosmetics [169,170,171,172].



The majority of recent studies on marine or saltwater IMTA systems in industrialized nations have been conducted on an experimental, small-operation scale, and it can be difficult to extrapolate these results to an industrialized scale [4,135]. However, on the east coast of Canada, in the Bay of Fundy, a commercial scale IMTA operation has been on-going since 2001. This IMTA system consists of blue mussels (Mytilus edulis) and kelps (Saccharina latissima & Alaria esculenta) in close proximity to salmon cages (Salmo salar). An increased growth rate of kelps (46%) and mussels (50%) were seen when cultured in proximity to the fish farms in comparison to reference sites [173,174,175]. Over the course of these commercial-scale trials none of the therapeutants used in salmon aquaculture have been detected in kelps and mussels collected from the IMTA sites and levels of heavy metals, arsenic, PCBs, and pesticides have always been below regulatory limits. A taste test of the IMTA mussels in comparison to reference mussels was conducted and showed no discernable difference [130,175]. Two attitudinal studies on salmon farming in the area were conducted. The first one found that the general public were more negative towards current monoculture practices, but feel positive that IMTA would be successful. The second survey found that 65% of participants felt that IMTA had the potential to reduce the environmental impacts of salmon aquaculture, 100% felt it would improve waste management, over 90% believed it would benefit community economics and employment opportunities. All participants felt that seafood produced through IMTA techniques would be safe to eat and 50% were willing to pay 10% more for these products if labelled as such [130,176].



Culturing species from different trophic levels within the same system, in the right proportions, can help farmers achieve environmental sustainability through biomitigation of aquaculture wastes and can also provide the farmer with economic stability through product diversification and risk reduction. Essentially there is the potential to generate revenue from nutrients that would have otherwise been lost [2,129]. Due to filter-feeding organisms’ (e.g., bivalves) ability to consume or deactivate potential pathogenic microorganisms and parasites, their inclusion in an IMTA system provides the opportunity to decrease disease outbreaks and control human pathogens. Subsequently the need for antibiotics may be significantly reduced [2,4,129,130,145,146]. It must be noted that there is the possibility that bivalves can act as a vector for fish pathogens, however, studies on this are limited [4,144]. For larger parasites that may not be ingestible by filter-feeders, other species-integration solutions are available. For example, the use of ballen wrasse (Labrus berggylta) and lumpfish (Cyclopterus lumpus) for the delousing of cage cultured Atlantic salmon has been demonstrated as very effective [177,178]. As IMTA incorporates ecologically based management practices it has the potential to improve the social acceptability of aquaculture. There is a growing interest amongst consumers in sustainably produced seafood and they are willing to pay a premium for them, particularly if the packaging contains eco-labels. Also, if IMTA operators were to incorporate an eco-tourism venture into their farms, there is the opportunity to further the social acceptability of aquaculture, while also educating the community on food production techniques and ecological principles [2,179,180,181]. As IMTA systems involve a number of different species, farm operators will most likely need to employ more staff due to the increased workload and need for personnel who are experienced with the cultivation of these additional species.



Unfortunately, there are constraints to the development of IMTA. The economic viability of offshore or on-land IMTA is uncertain. Although IMTA has the potential to provide economic stability through product diversification, the co-culturing of various species from different trophic levels is very complex and the development of a successful IMTA system that produces marketable and profitable biomass of additional crops might be a lengthy process, resulting in economic risk and uncertainty of production [2,129,182]. Some consumers might be reluctant to purchase seafood cultured in the waste-streams of finfish aquaculture. Therefore, marketing and educational initiatives may need to be developed in order to address or alleviate these concerns. Encouragingly, surveys conducted in the Bay of Fundy, Canada, found that the majority of the general public believes IMTA products are safe to eat [176,182,183]. IMTA systems include finfish or shrimp that require aquafeed. To make IMTA truly ecosystem-based, aquafeed producers need to reduce their dependence on fishmeal and fish oil, and consider alternative ingredients that can replace or reduce their need for forage fish (see Section 2.5 for list of alternatives) [2,6,17,19,81]. For at-sea IMTA, farmed fish escapes are still a concern. Solutions include the use of stronger net materials, tauter nets that deter sea-mammals (e.g., seals) from grabbing fish, and covers on boat propellers to avoid tears [60]. The most secure method however, would be to isolate fish farms from the natural environment in land-based tanks or close-wall sea pens [21,60].



4.1. Halophyte Wetlands (On-Land)


Natural wetlands are an important part of marine, saline, and freshwater ecosystems; holding and recycling nutrients, controlling and buffering natural floods, and providing habitats and breeding and nursery grounds for many wildlife species. Additionally, wetlands can also efficiently remove organic matter, suspended solids and nutrients (N, C, P) through sedimentation, filtration, assimilation, and biological and microbiological absorption [184].



The use of man-made constructed wetlands (CWs) began in the 1970s as a means to provide a habitat for a variety of organisms and to improve water quality. Since then, CWs have been set up to provide flood control, to offset the decline in natural wetlands resulting from agriculture and urban development, to improve water quality, and for food production [184,185]. In relation to aquaculture, CWs to date have been mainly used for the rearing of shrimp, crayfish, and commercial fish species and for the treatment of freshwater aquaculture effluent [186,187,188,189,190,191]. Two basic flow regimes have been devised for CWs, free surface flow (SF) and subsurface flow (SSF). In a SF CW, the water flows above ground and plants are rooted in the sediment layer at the base of the basin or floating in the water. In this system the water is exposed to the atmosphere and direct sunlight. A SSF CW, on the other hand, consists of a basin filled with an appropriate medium (e.g., coarse rock, gravel, sand, other soils) that is planted with wetland vegetation. A SSF CW is designed so that the water surface remains below the top surface of the medium, preventing odors and insect infestations. These systems are commonly utilized for secondary or tertiary treatment of wastewater [185,189]. The concept of applying CWs to mariculture systems for wastewater remediation is relatively new, however, a number of trials have already studied the utilization of halophytes for aquaculture wastewater bioremediation in CWs.



A halophyte is a naturally evolved salt-resistant plant that has adapted to grow in saline environments and in some cases they require this exposure to salinity to survive [192,193]. Operating halophytes as a plant biofilter of saltwater aquaculture effluent is a low cost opportunity to mitigate potential negative impacts on the environment [194]. A recent study by Diaz et al. (2013) found that a number of halophytic species (Salicornia bigelovii, Atriplex lentiformis, Distichlis spicata, Spartina gracilis, Allenrolfea occidentalis, and Bassia hyssopifolia) grown under field conditions and irrigated with saline drainage water over a 4 year–6 year period in the San Joaquin Valley of California grew very successfully and can effectively reduce saline drainage effluent [195]. Lymbery et al. (2006) constructed 16 2.5 m × 0.4 m × 0.3 m SSF wetlands incorporating the estuarine sedge, salt marsh rush (Juncus kraussii), and assessed its ability to treat inland saline aquacultural wastewater. After a 38 day trial, it was found that this CW removed up to 88% of the total phosphorous load and 69% of the total nitrogen load. Although nutrient concentration didn’t have a significant effect on the growth of J. kraussii (i.e., plant length and frond number), it was found that higher salinities adversely impacted both growth parameters. Subsequently, it was suggest that J. kraussii would be more suited to salinities of up to 20,000 mg/L−1 and may not be effective in the treatment of inland, highly saline aquaculture waste, instead, being better suited to the treatment of waste from, for example, low salinity shrimp aquaculture [196]. J. kraussii is commonly harvested in South Africa as a source of fiber for craft works and is of significant cultural importance to many Zulu households. For example, for the production of bridal sleeping mats no alternative wetland plant species is acceptable. J. kraussii is of significant economic importance to the region, with 97% of J. kraussii related income being generated through the sale of craft products and 3% through raw material sales [197]. Shpigel et al. (2013) demonstrated that a CW planted with Salicornia persica was effective in the removal of N, P, and total suspended solids (TSS) from a 1000 m3 commercial, intensive, semi-recirculated aquaculture system growing 100 tons of gilt-head seabream (1 g–500 g in size). It was estimated that approximately 10,000 m2 of wetland planted with S. persica would be required to remove nitrogen and TSS in wastewater during one year. This study also found that an average yield of 10,000 m2 of S. persica would be expected to produce about 28.8 tons (2.88 kg·m−2·year−1). The upper (edible) part constitutes approximately 80% of the yield, therefore, the marketable yield would be about 23 tons of fresh produce. Both SF and SFF CWs were trialed in this study, and it was found that a SF regime with S. persica would likely be more efficient for facilities with low nutrient loads (NL) (e.g., fish hatcheries) and a SFF regime would be more efficient at high NL facilities (e.g., intensive fish farms) [184]. Although using CWs for effluent treatment requires a relatively extensive area, a cost-effective analysis conducted by Cardoch et al. (2000) found that treatment by wetland costs approximately 75% less to the farmer than conventional onsite treatment [198]. The use of a CW to treat aquaculture wastewater can be even more cost effective if the wetland is planted with a crop that has market demand or potential market demand [184]. The commercial application cost of CWs is estimated to be €0.20 per kg of fish produced. Therefore, the cost of the construction and operation of a CW for, for example, 500 tons of fish would be €100,000. With a conservative price of €6 kg−1 (FW) the income from 23 tons of S. persica is expected to be €138,000 based on gross calculations [184,199]. Marsh samphire (S. europaea) has also been shown to have significant potential in the treatment of aquaculture effluent. Webb et al. (2012) constructed a SFF wetland filter bed planted with marsh samphire to evaluate its ability to treat the wastewater from a commercially operated marine fish and shrimp farm. The results demonstrated the effectiveness of a marsh samphire wetland in removing N and P from the wastewater, with 91%–99% of influent dissolved inorganic nitrogen and 41%–88% of influent dissolved inorganic phosphorus removed [200]. A number of species from the genus Salicornia have demonstrated a number of commercial applications and potential in the areas of nutrition, medicine, forage crops, and oilseed production [201,202,203,204,205,206,207,208]. For example, S. persica and S. europaea contain compounds with antioxidative properties, such as polyphenols, superoxide dismutases, and peroxidases [209].



Providing inexpensive land is available, the integration of CWs into on-land aquaculture can be very cost-effective as they only require moderate capital investment and have low energy consumption and maintenance expenses [210,211,212]. However, CWs require relatively extensive areas of land, and would not be suitable in locations where land prices are high. The cost of CW operations could, however, be offset by exploiting them as a natural park or tourist attraction (eco-tourism) [184,198,199]. As the maintenance of the CW is low, the farm may not need to employ many (or any) additional staff, however, the construction of the wetland and harvesting of the halophyte crops may provide additional, short-term employment.




4.2. Saltwater Aquaponics (On-Land)


For onshore saltwater aquaculture, an integrated solution to the potential negative impacts of aquaculture may lie in a novel concept known as saltwater aquaponics (SA). To be able to explain the concept of SA, we need to first discuss the freshwater origins of this seafood production technique; hydroponics and aquaponics.



4.2.1. Hydroponics


Hydroponics is the technique of growing plants in a nutrient solution (e.g., water containing fertilizers such as chemical salts) with or without the use of an inorganic/inert (e.g., sand, gravel, coir, perlite) or organic (e.g., peat moss, coconut coir, vermiculture) medium for mechanical support [213,214]. When a hydroponic system contains no medium, it is often referred to as a liquid (non-aggregate) hydroponic system, when it does contain a medium, it is often referred to as an aggregate hydroponic system [213,214,215]. The concept of growing plants in nutrient rich water is centuries old. For example, the Babylonian hanging gardens and the floating gardens of the Aztecs in Mexico were hydroponic in nature [214,216]. The basic concept of hydroponics was established in the 1800s by investigators of plant growth [213,214]. A number of publications by the Californian scientist, Gericke, popularized the soilless culture of plants in the 1930s [217,218,219]. However, it wasn’t until the 1980s that hydroponics became a profitable commercial vegetable and flower production method [214]. The operation of hydroponic systems in controlled facilities (e.g., greenhouses) was developed by the US army after World War II as an industrial approach to crop production intensification [214,220]. Virtually all hydroponic systems in temperate regions operate in greenhouses to: control temperature, reduce evaporative water loss, control disease and pests, and protect against adverse weather conditions (e.g., wind and rain) [215]. Some common hydroponic systems are detailed below (for information on other hydroponic techniques (e.g., standing aerated nutrient solution and ebb-and-flow nutrient solution) [214]).



Deep Flow Technique


The deep flow technique (DFT), for growing leafy vegetables (e.g., heads of lettuce), was developed independently by Jensen, at the University of Arizona, USA, and Massantini, at the University of Pisa Italy, in 1976 [217,221]. The production system consists of horizontal, rectangular-shaped tanks lined with plastic. The nutrient water in the tanks are aerated and recirculated. It is monitored regularly and replenished when required. The plants are placed in floating rafts of expanded plastic (e.g., Styrofoam), which are spread in a single horizontal plane for maximum sunlight interception. The nutrient pools within the rectangle tanks act as a frictionless conveyor belt for planting and harvesting the movable floats. It is also relatively easy to control root temperature by heating or cooling the nutrient water. For example, the roots may need to be cooled in order to reduce bolting. This is especially important if the production system is located in tropical or desert regions [215,222]. However, one must factor in the costs associated with heating or cooling the nutrient water.



Many of the results from trials establishing the DFT were never reported. Nevertheless, this method of hydroponics is becoming increasingly popular due to the systems’ ability to control temperature, maximize sunlight exposure, and ease of planting and harvesting [215,222]. For example, in 2008, Hu et al. (2008) treated eutrophic water using Ipomoea aquatica Forsskal (swamp cabbage) in a DFT. After 48 h exposure to the plants, the chemical oxygen demand, biochemical oxygen demand, total suspended solids, and chlorophyll a were reduced in the effluent by 84.5%, 88.5%, 91.1% and 68.8% respectively. The concentrations of cadmium, copper, lead, and zinc in the plants all fell within Food and Agriculture Organisation (FAO) and World Health Organisation (WHO) permissible levels. Hu et al. (2008) found that cultivating I. aquatica in nutrient-rich, eutrophic water, in a DFT system is an effective, low-cost phytoremediation technology to treat water and undesirable levels of phosphorus and/or nitrogen [223]. Park and Kurata (2009) introduced a novel aeration technique, microbubbles, to a DFT system growing leaf lettuce (Lactuca sativa) and found that the fresh and dry weight of lettuce treated with microbubbles was 2.1 times and 1.7 times higher than those treated with standard, macrobubble aeration [224].




Nutrient Film Technique


The nutrient film technique (NFT) was developed by Dr. Allan Cooper in the late 1960s and refined throughout the 1970s and early 1980s, at the Glasshouse Crops Research Institute, Littlehampton, England. In an NFT system, the plant roots are suspended in a channel, trough, or gully (the term “channel” will be used for the remainder of this NFT section) through which a nutrient solution passes [214,215,225]. The channel containing the plant roots is usually set on a slope (approximately 1%) to allow the nutrient solution added at the top of the channel to flow from the top to the lower end by gravity at a flow rate of approximately 1 L per minute. One potential pitfall to the NFT method is that as the root mat increases in size, the plants at the beginning of the channel restrict the flow of nutrients to those at the further end of the channel. The flowing nutrient solution also tends to move over the top and down the outer edge of the root mat, reducing its contact within the root mass, resulting in poor mixing of the nutrient solution. One solution to these issues is to reduce the length of the channel and make it wider to accommodate longer-term crops [214]. A principle advantage of NFT over other hydroponic systems is that it requires much less nutrient solution. Subsequently, it is easier to heat the solution during winter months, to maintain optimum conditions for the roots, and to cool it during hot summers, particularly necessary for arid or tropical regions. The lower volume of water makes disease control more manageable [215]. Another advantage of NFT systems is the ease of establishment and relative low cost of construction materials [214]. Detailed construction information for NFT systems can be found in literature produced by Morgan (1999) and Smith (2004) [226,227]. In most cases, a NFT system is a closed system; the nutrient solution that exits the channel is recovered for reuse. If the system is closed, there is a requirement for the addition of top-up water to replace water lost to evaporation and uptake by the plants and the need to establish procedures for filtering, sterilization, and reconstitution of the pH and nutrient element content of the water [214]. In an open system, the nutrient solution exiting the channels is discarded, which is costly in terms of water usage, and requires careful disposal of nutrient-rich water [214,228]. Recently, the NFT system has been used for purposes other than the growth of vegetable. Ignatius et al. (2014) used an NFT system cultivating Plectranthus amboinicus, an aromatic medicinal plant, to treat lead contaminated wastewater. They found that P. amboinicus accumulated considerable amounts of lead in the roots and translocation to the leaves and stems was limited to the extent that they could still be used for medicinal purposes [229].




Aeroponics


In 1942, Carter designed a method of growing plants in water vapor to facilitate the examination of roots and subsequently began to research air culture growing [230]. Today, aeroponics is defined as a technique in which the plant’s roots are suspended in mid-air and water and essential nutrients are supplied by means of an aerosol mist or water sprinkler bathing the roots, often without the use of soil or an aggregate medium; however, the addition of an organic medium can sometimes be beneficial [213,214,215,231,232,233,234,235]. Oxygen and water are quite often a limiting factor in conventional soil and water media systems, however, as nutrients and water are applied directly to the roots in an aeroponic system, they are in adequate supply [235]. The plants are positioned in the holes of a panel, with the roots suspended in mid-air beneath the panel and enclosed in a spray-box. This ensures that algal growth is prohibited and that the roots are in a humid environment [215]. Although Jensen (1997) suggests that the system being turned on for a few seconds every 2–3 min is sufficient to keep the roots moist and the nutrient solution aerated, Jones (2005) suggests that continuous exposure of the roots to a fine mist gives better results than intermittent spraying or misting [214,215]. With an aeroponic system, the spray-box contains the mister or sprinkler and a reservoir of the nutrient water. When the roots are long enough, a portion of the roots can gain access to this reservoir and therefore have a continuous supply of water [216,232]. Although the use of aeroponic techniques is not common in the commercial production of crops, it has considerable potential. As the plants can be cultivated very close to each other, this system is ideal for locations with extreme space and/or weight restrictions. It is also ideal for locations where the water supply is scare and/or of poor quality, as aeroponic systems reuses the nutrient solution (the length of time that the nutrient solution can be reused will be dependent on a number of factors, such as: the quantity of nutrients present in the solution, the biomass and type of plants present, temperature) [235]. Aeroponics also has potential in the rooting of foliage plant cuttings, as some exporting regulations require that the roots of cuttings be soil-free and the cuttings do not require overhead misting. Aeroponics can also reduce the problems of fungal diseases and the leaching of nutrients from the foliage of the cuttings [179]. Aeroponics has also shown the ability to achieve higher yields than conventional production techniques and only requires minimal training for the grower [235,236]. Movahedi et al. (2012) conducted a study comparing aeroponic and conventional soil systems for potato minituber production. The plantlets were grown in both aeroponic and conventional soil systems at a density of 100 plants per m−2. It was found that growing the minitubers with an aeroponic system led to an increase in stem length, root length, stem diameter, and yield. The end product was also of better quality when grown in an aeroponic system [236]. These systems can also be run on a continuous basis, apart from some downtime for cleaning or changing the plants [235]. Aeroponics can be utilized for both crop production and plant research. For example, Christie and Nichols, (2004) from Massey University (New Zealand) have developed aeroponic systems for growing vegetable crops (e.g., tomatoes, cucumbers, potatoes, and herbs) and flower crops (e.g., Zantedeschia and Lisianthus) and for researching crop nutrition, growth analysis, and the gas levels in the root zone [233].



Hydroponic systems have a number of advantages and disadvantages over traditional crop cultivation methods. Crops can be grown in areas where there is no soil or unsuitable soil (e.g., contaminated with a disease), the labor-intensity of traditional crop production methods (e.g., tilling and watering) is either greatly reduced or eliminated, water and nutrients are conserved, plant diseases are more easily eradicated in closed systems (most hydroponic systems are closed), there is better control over environmental conditions (e.g., root environment, nutrient feeding, irrigation), they are suitable systems for “at-home” vegetable production, and if run successfully, hydroponic systems can operate continuously at maximum yields, making the system feasible in high density and expensive land areas [214]. However, hydroponics requires expensive nutrients to feed the plants, initial construction costs are high, even for closed systems, periodic flushing is required which may lead to waste disposal issues, there is a limited availability of plant varieties suitable for controlled growth condition and more research and development is required, as plants react to suitable/unsuitable nutrient conditions quickly, hydroponic systems require constant and careful management, introduced diseases can spread more quickly in a closed system, and the technical aspect to the construction and operation of hydroponic systems requires highly trained staff [214,237].





4.2.2. Aquaponics


Aquaponics is an on-land freshwater IMTA system combining the aquacultural production of fish (e.g., fish, crayfish, molluscs, etc.) with the hydroponic production of aquatic plants (e.g., vegetables, herbs, fruits, medicinal plants, etc.). The waste produced by the fish provides the nutrients required for plant growth, while the plants remove toxic compounds (e.g., nitrate and phosphorus) resulting from fish excretion [220,238,239,240,241,242]. In the majority of cases, aquaponic systems are closed, recirculating systems, which allows for nutrients to be maintained at concentrations sufficient for hydroponic plant production [243,244,245,246,247]. Like hydroponics, aquaponic operations commonly take place in a controlled environment (e.g., greenhouses) in an effort to increase crop production yields [220]. Aquaponics was also influenced by RAS work conducted in the early 1970s. A major challenge for RASs is the accumulation of nitrogen compounds, which are potentially toxic to fish. A number of investigators experimented with the soilless culture of plants as a fish waste treatment solution for the removal of nitrogen compounds, marking the beginning of aquaponics as we recognize it today [248,249,250,251,252,253]. Since this research was conducted, engineers have developed biofilters that do not rely on plants, however, aquaponic systems improve water quality while producing an additional, potentially profitable crop, distinguishing it from other forms of RAS [91,220]. The development of aquaponics was also influenced by research being conducted on sustainable agriculture (e.g., permaculture) in the 1970s and 1980s. Researchers at the New Alchemy Institute were applying permaculture methods to aquaculture and experimented with the integration of hydroponics and aquaculture [220,254,255].



Fish in aquaponic systems are usually raised in ponds, tanks, or other forms of containers, while the plants are grown separately in hydroponic tanks. The roots are either submerged in water or, in the case of an aeroponic-style system, exposed to a mist or sprinkling of water. The plants are suspended in gravel, sand, perlite, porous plastic films, or on floating rafts (see Section 4.2.1 for more detail on hydroponic plant production) [2,244].



All aquaponic systems share the same basic key functions: aquatic animal and plant production, bacterial nitrification, and suspended solid removal [256]. Suspended solids are removed from aquaponic systems in a similar manner to RASs, by passing the wastewater through mechanical filters or using settling ponds to settle the solids out of suspension. They can also use organic extractive species in combination with or as a replacement to mechanical methods (see Section 4). Again, like in RASs, ammonia is oxidized to nitrite, and then to nitrate by denitrifying bacteria (see Section 3 for more detail) [244]. The nitrate and phosphorous rich water is transferred to the hydroponic tanks for absorption by the plants. This nutrient-reduced water is then reused in the fish tanks/ponds. Due to aquaponics’ ability to treat fish wastewater for reuse in the system, aquaponic operations can achieve fish production densities similar to those achieved in RASs [247,257].



The nutrient removal and water reuse ability fluctuates amongst different aquaponic systems due to a number of variables such as flow rates, the type of plant used, the medium (or lack of) used to grow the plant, and the ratio of plants to fish [246,257,258]. For example, nitrate and phosphorus removal rates range from 9%–93% to 0%–53% respectively, while water reuse can reach over 98% [246,256,257,258,259,260]. Al-Hafedh et al. (2008) compared their recirculating aquaponic system to semi-intensive aquaculture in Saudi Arabia, and found that their system recycled more than 98% of its water and produced more than 40 kg fish/m3 of water every 6 months, whereas the semi-intensive system exchanged 20%–30% of its water daily and only produced 8–15 kg fish/m3 over a 6 month period [260]. The most common species of fish currently used in aquaponics include tilapia, perch, carp, barramundi, cod, and trout [247]. Research has found that plants with low-medium nutrient requirements (e.g., lettuce, herbs, spinach, watercress) perform better in aquaponic systems than more nutrient-demanding species (e.g., cauliflower, tomatoes). Lettuce co-cultured with tilapia is the most common aquaponic pairing [243,258]. The relative proportions of soluble nutrients that the hydroponically grown plants are able to obtain from the fish waste does not mirror the proportion of nutrients normally assimilated by plants growing in a normal manner. A solution to this issue would be to manipulate the nutrient content of the fish diet in such a way that the relative proportions of nutrients excreted by the fish are more similar to the relative proportion of nutrients assimilated by plants, while maintaining optimal nutrition for the fish [243,258]. Another option, which is commonly practiced, is to top-up the water supplying the hydroponic plants with required nutrients that are in limited supply or are not present in the wastewater [261,262]. Another challenge with an aquaponic system is the dichotomy that exists between the optimum pH for plant nutrient availability in hydroponics (pH 5.5–6.5) and the optimum for nitrifying bacteria in biofilters (pH 7.5–9.0). The recommended pH range for the nutrient solution irrigation water in hydroponics tends to be slightly acidic to avoid precipitation of Fe, Mn, P, Ca, and Mg to insoluble and unavailable salts when the pH is >7. If aquaponic recirculating water pH is maintained at levels more optimum for nitrifying bacteria, plant uptake of certain nutrients may become restricted, reducing plant yield [247]. However, work conducted by Tyson et al. (2008) suggests that total yields may be maintained at pH levels above those recommended for the production of plants, even with reduced nutrients in recirculating solutions, when the nutrients constantly bathe the roots [263,264].




4.2.3. Saltwater Aquaponics


Although freshwater aquaponics is the most widely described and practiced aquaponic technique, resources of freshwater for food production (agriculture and aquaculture) are becoming increasingly limited and soil salinity is progressively increasing in many parts of the world [265,266]. This has led to an increased interest and/or move towards alternative water sources (e.g., brackish to highly saline water) and the use of euryhaline or saltwater fish, halophytic plants, seaweed, and low salt tolerant glycophytes [267,268]. Saltwater aquaponics (SA) is an on-land IMTA system combining the aquacultural production of fish (e.g., fish, crustaceans, molluscs, etc.) with the hydroponic production of aquatic plants (e.g., seaweeds, algae, halophytes, salt-tolerant glycophytes etc.) in a range of salinities from low (e.g., brackish water) to high (e.g., seawater) [265,269,270,271]. The term maraponics (i.e., marine aquaponics) has also been coined for SA systems that utilize seawater. These are mainly located on-land, in coastal locations close to a seawater source [265,272,273,274].



As can be seen in Section 4.1, a number of CW studies have shown that halophytes can be successfully irrigated with saltwater aquacultural wastewater [195,196,197,198,199,200,201,202,203,204,205,206,207,208,209,210,211,212,213,214,215]. The concept of growing halophytes through hydroponic techniques or as part of a SA system is very new. Waller et al. (2015) investigated the feasibility of nutrient recycling from a saltwater (16 psu salinity) RAS for European sea bass (D. labrax) through the hydroponic production of three halophyte plants; Tripolium pannonicum, Plantago coronopus, and Salicornia dolichostachya. The hydroponic setup consisted of hydroponic tanks being fed RAS process water at a flow rate of 0.15 m3·h−1 from 8 a.m. to 8 p.m. (1.8 m3·day−1). This flow rate is significantly less than the flow that would occur through a nitrifying biofilter (15 m3·h−1 24 h a day or 360 m3·day−1). Each plant species grew at a similar specific growth rate (SGR) of 9%–9.9%·day−1. After the 35 day experimental period, both T. pannonicum and S. dolichostachya had reached marketable size with average shoot weights of 25 g and 60 g. High air temperatures in the greenhouse at the beginning of the experiment may have limited the growth of P. coronopus plants (average shoot weights of 17 g). The total production of plant material over the course of the experiment amounted to 6 kg, 4 kg, and 13 kg for T. pannonicum, P. coronopus, and S. dolichostachya, respectively. The plants incorporated a total of 46 g N and 7 g P during the 35 day trial, equivalent to 9% N and 10% P that was introduced with the fish feed. For this system, it was estimated that 189 g of N resulted from fish excretion and if only the best performing halophyte (S. dolichostachya) was included, 1128 plants would be needed in a 14.4 m2 hydroponic area to remove all of this excreted N. During the 35-day trial, the sea bass grew from 32 g to 54 g on average, at a SGR of 1.5%·day−1 and exhibited an FCR of 0.93. The edible part of the harvested plant material was tested and found to be microbial safe and approved for human consumption [275]. Boxman et al. (2016) evaluated the capacity for water treatment and production requirements of two halophytes, sea purslane (Sesuvium portulacastrum) and saltwort (Batis maritima), when grown in an indoor, bench-scale recirculatory SA system with platy fish (Xiphophorus sp.). Two thirty-day trials were carried out at a minimum to maximum salinity of 13.1‰ to 17.1‰. The first trial assessed nitrate removal rates with the sea purslane present and no plants present and the performance of two different medium types, coconut fiber and expanded clay. They found that the presence of plants significantly contributed to nitrate removal, such that mean nitrate concentrations were 10.1 ± 5.4 mg/L in planted treatments in comparison to 12.1 ± 6.1 mg/L in the unplanted treatments. The use of coconut fiber as a medium for the plants resulted in a significantly lower mean level of nitrate in the water (9.78 ± 5.4 mg/L) in comparison to when expanded clay was used (12.4 ± 6 mg/L). The second trial assessed the impact of flow rate, plant species, and plant density on nitrogen uptake from the fish tank water. The nitrogen uptake rate was monitored for both sea purslane and saltwort (separately) under the following treatments: high flow rate (1 L·min−1) and high density (24 plants); high flow rate and low density (12 plants); low flow rate (0.5 L·min−1) and high density; low flow rate and low density. It was found that the low flow rate/low density treatment with saltwort had the greatest nitrogen removal rate, ranging from 25% to 172%. However, the mean yield of 0.53 ± 0.09 kg·m−2 and 0.32 ± 0.06 kg·m−2 for sea purslane and saltwort, respectively, were low and further research into the use of these species in bench-scale units is required [276]. Kong and Zheng (2008) successfully grew Salicornia bigelovii hydroponically (in Styrofoam disks floating on nutrient solution) and found that a marketable yield of 1.69 ± 0.21 kg·m−2 achieved when grown at high salinities (200 mM NaCl) was significantly higher than the yield achieved at moderate salinities (6, 8, and 10 mM NaCl) [277]. Gunning (2016) showed that S. europaea cultivated in an aeroponic unit with oyster farm wastewater grew very successfully at low to moderate salinities (i.e., a freshwater/seawater mix containing 33%–66% seawater) and reduced the levels of ammonia, nitrite, nitrate, and phosphate in the wastewater [232]. Work conducted by Buhmann et al. (2015) on the use of halophytes (9 different species) as a biofilter for nutrient-rich saline water found that the use of a hydroponic culture system is more suitable than sand or clay culture if controlled conditions and nutrient cycling are desired. After a 5 week trial, it was shown that at least 10 mg·L−1 of nitrate was necessary for reasonable biomass production and 0.3 mg·L−1 of phosphate is sufficient, but higher concentration promote the uptake of phosphate. The addition of iron in chelated form was also required for the growth of healthy plant biomass, whereas, the addition of manganese is beneficial but not implicitly necessary. Buhmann et al. (2015) found that all tested species have the potential to serve as a biofilter, are a source of valuable co-product, and have potential for integration into a SA systems (species studied in this trial were: T. pannonicum; Atriplex portulacoides; S. dolichostachya; Plantago coronopus; Lepidium latifolium; and A. halimus) [194]. As many halophytes have reduced levels of growth at higher salinities the integration of algae cultivation into SA is a potential solution for systems that are using seawater levels of salinity (i.e., c.35 ppt) [196,232,271,278].



Although the concept of “saltwater aquaponics (SA)” is very new, an interest in on-land seaweed-based integrated mariculture began to appear in the 1970s, starting from a laboratory-scale and then expanding to outdoor pilot-scale trials. In some of the earliest quantitative studies, Haines (1976) and Langton et al. (1977) studied the growth of the red seaweed, Hypnea musciformis, cultured in tanks with shellfish culture effluent [279,280]. Haines (1976) found that H. musciformis grown with the effluent from clam mariculture grew approximately 5 times faster than growth in unaltered deep water and about three times faster than in surface water [279]. Langton et al. (1977) also grew H. musciformis with clam wastewater and found that it had an ammonia-N uptake rate of up to 70% [280]. From the 1980s, the number of studies reporting on the use of algae for integration into on-land aquaculture increased, with Ulva spp. and Gracilaria spp. being the most frequently studied species. Troell et al. (2003), Neori et al. (2004), and Granada et al. (2015) have a comprehensive list of references for these studies, a few examples of which will be discussed below [4,131,135].



Vandermeulen and Gordin (1990) found that Ulva lactuca cultured with intensive fishpond wastewater grew very strongly, with a growth rate of over 55 g·dry weight (DW)/day−1 per 600 L and efficiently removed up to 85% of the ammonium from the wastewater [281]. Neori et al. (1991) cultured U. lactuca in effluent from intensive fishponds and found that the specific growth rate and yield were higher than U. lactuca grown in enriched fresh seawater. Under wastewater culture conditions, the maximum yield (DW) achieved was 55 g·m−2·day−1 and maximum specific growth rate was 18%·day−1. Yields achieved through wastewater cultivation were up to 38% higher than the enriched fresh seawater. Through conducting this research, Neori et al. (1991) suggested that, for high yield and nitrogen content, U. lactuca should be kept at a density of 1–2 kg·m−2 and at ammonia fluxes of approximately 0.5 moles·m−2·day−1 [282]. Jimenez del Río et al. (1996) cultivated Ulva rigida in 750 L tanks being fed wastewater from a commercial marine fishpond rearing 40 metric tonnes (Mt) of Gilt-head bream (Sparus aurata), and determined that maximum yields of U. rigida (40 g·DW·m−2·day−1) were obtained at a seaweed density of 2.5 g·FW·L−1 and a dissolved inorganic nitrogen (DIN) inflow rate of 1.77 g·DIN·m−2. The average annual DIN removal efficiency under these parameters was 2 g·DIN·m−2·day−1 and it was calculated that 153 m2 of U. rigida tank surface would be needed to recover 100% of the DIN produced by 1 Mt of fish [283]. Buschmann et al. (1996) cultivated Gracilaria chilensis in four 2500 L raceways that received wastewater from the tank cultivation of coho salmon (Oncorhynchus kisutch) and rainbow trout (O. mykiss). At its highest, G. chilensis production can reach up to 48.9 kg·m−2·year−1 and can remove 50% of dissolved ammonium in winter, increasing to 90%–95% in spring. Buschmann et al. (1996) also performed an income-analysis model and calculated that the harvesting of G. chilensis can provide additional total revenue of over $60,000, representing approximately 10% of the total income [284]. Chow et al. (2001) utilised G. chilensis as a biofilter in the depuration of effluents from tank cultures of Cabinza grunt (Isacia conceptionis), oysters (Crassostrea gigas), and sea urchins (Loxechinus albus) and compared its productivity and relative growth rate (RGR) to G. chilensis cultivated with seawater. G. chilensis was cultivated in 200 L tanks (0.5 m2 surface area). It was found that productivity was highest in the G. chilensis tanks fed with the fish effluent, with a FW of 51.2 g·m−2·day−1, in comparison to 23.9, 16.2, and 18.6 g·m−2·day−1 for G. chilensis tanks fed with oyster effluent, urchin effluent, and control seawater, respectively. [285]. Abreu et al. (2011) established 12, 1200 L (total footprint of 18 m2) G. vermiculophylla tanks at a commercial, land-based intensive aquaculture farm producing 40 tonnes of turbot (Scophthalmus rhombus), 5 tons of sea bass (D. labrax), and 500,000 Senegalese sole juveniles (Solea sengalensis). G.vermiculophylla grew best at a stocking density of 3 kg·WW·m−2 and water exchange rate of 200 L·h−1, producing 0.7 ± 0.05 kg·DW·m−2·month−1, while removing 40.54 ± 2.02 g·m−1·month−1 of N. They calculated that in one year, this system could produce approximately 156 kg (DW) of seaweed and this biomass level would remove 8.8 kg of N. To attain 100% N removal efficacy, it was calculated that the tank area would need to be increased to 0.36 ha, considering the cultivation conditions are kept the same (i.e., stocking density of 3 kg·WW·m−2, 1200 L tanks with a footprint of 1.5 m−2, and a water exchange rate of 200 L·h−1) [286]. As can be seen from some of the above studies, seaweeds not only grow well when cultivated with effluent water from mariculture, but can grow better than seaweed cultivated with seawater or fertilizer-enriched seawater.



Alternatively, crops that would usually be classed as glycophytes, such as the common tomato (Lycopersycon esculentum), the cherry tomato (Lycopersycon esculentum var. Cerasiformee), and basil (Ocimum basilicum) can achieve remarkably successful production levels at up to 4 g/L salinity and are often referred to as having low-moderate levels of salt tolerance (not to be confused with halophytes, which are resistant of high salinities). Other crops that are tolerant of low-moderate salinities include: turnip, radish, lettuce, sweet potato, broad bean, corn, cabbage, spinach, asparagus, beets, squash, broccoli, and cucumber [265,287,288,289]. Dufault et al. (2001) and Dufault and Korkmaz (2000) experimented with shrimp biosolids (SB) (shrimp fecal matter and decomposed feed) as a fertilizer for broccoli (Brassica oleracea italica) and bell pepper (Capsicum annuum) production respectively. In both trials, they fertilized the crops with just SB, combined with Oscomote fertiliser (OSM), and just OSM and found that SB does not maximize yields when used alone. For the broccoli trial, the culture system that enhanced yield combined nine MT SB/ha with 75 kg OSM/ha, delivering a combined total of 263, 116, 99, and 99 kg/Ha of N, P, K, and Na respectively. For the bell pepper trial, the culture system that enhanced yield included the highest rates of both SB and OSM, which delivered a total of 633, 253, and 303 kg/Ha of N, P, and K respectively. N–253 P–303 K kg/ha. In both trials, however, it was noted that SB contains a high level of sodium and an increase in soil salt concentration could suppress the growth of some crops, especially those that are salt sensitive (e.g., carrots, strawberries, and onions). For this reason, Dufault and Korkmaz (2000) recommend a number of cultural steps when using SB, to reduce the risk of salinity damage. They advise to modify the salinity of the SB by: dilution, blending with other organic matter, leaching SB with irrigation water, or by using SB in soils with high buffering capacity [288,289]. Although the above studies did not use SA techniques, they involved plants that are commonly grown using aquaponic (freshwater) techniques. Therefore, due to their salinity tolerance levels, they have enormous potential as candidate species for use in SA systems using low to medium salinities.



A majority of the SA work conducted so far involves the integration of two trophic levels. An example of a SA system incorporating more than two trophic levels can be seen in an experiment conducted by Neori et al. (2000), who designed a 3.3 m2 system for the intensive land-based culture of Japanese abalone (Haliotis discus hannai), seaweeds (Ulva lactuca & Gracilaria conferta), and pellet-fed Gilt-head bream (Sparus aurata). The system design consisted of unfiltered seawater (2400 L·day−1) pumped to two abalone tanks, drained through a fish tank, and finally through a seaweed filtration/production unit before being discharged to the sea. The abalone unit consists of two 120 L rectangular bottom drained tanks, which were elevated to allow effluents to drain into the fish tank. A removable screen (1 cm mesh) covered the whole area 10 cm above the flat bottom, to retain the abalone while allowing feces and detritus to drain. The first tank was stocked with 1200 juveniles (mean: 0.23 ± 0.04 g) and the second tank had 251 adults (mean: 15.7 ± 4.6 g). Three hundred sea bream with an average weight of 40 g were stocked in a 600 L (1 m2 surface area) rectangular aerated tank and fed a 45% protein pellet diet. Stocking density was maintained below 15 kg·m3. U. lactuca and G. conferta were grown in two 600 L (1 m2 surface area) tanks. The algae were suspended in the water column by air diffusers situated at the bottom. Total seaweed biomass was kept at approximately 1.5 kg of U. lactuca and 5–13 kg of G. conferta (excess seaweed was harvested twice a week and fed to the abalone). The fish grew at 0.67%·day−1, yielding 28 kg·m−2·year−1. The nutrients excreted by the fish supported high yields of U. lactuca (78 kg·m−2·year−1) and efficient ammonia filtration (80%), however, G. conferta functioned poorly. The Ulva supported an abalone growth rate of 0.9%·day−1 and a length increase of 40–66 µm·day−1 in juveniles and 0.34%·day−1 and 59 µm·day−1 in young adults. The total abalone yield was 9.4 kg·year−1. Ammonia as a fraction of total feed-N was reduced from 45% in the fish effluents to 10% in the post-seaweed discharge. A surplus of seaweed was created in the system and based on this trials results, a doubling of the abalone:fish ratio form 0.3 to 0.6 is feasible [290].



SA offers a number of advantages over traditional crop and fish production methods. As SA systems use saline water (brackish to saline) there is a reduced dependence on freshwater, which has become a very limited resource. It is typically practiced in a controlled environment (e.g., a greenhouse; controlled flow-rate tanks) giving a better opportunity for intensive production. Many SA systems are closed RASs with organic and/or mechanical biofilters, subsequently, water reuse is high, wastewater pollution is vastly reduced or eliminated, and contaminants are removed or treated. SA systems that are not RASs significantly reduce the excess nutrients in the wastewater prior to discharge. Also, the occurrence of contaminants in non-RAS SA systems can be reduced or eliminated through the use of water containing low levels of naturally occurring contaminants and the use of alternatives aquafeeds that do not contain dioxins or PCDs (e.g., novel feeds made from macroalgae). This improvement in water quality reduces the potential for disease occurrence and the need for antibiotic use is therefore vastly reduced [2,18,265,269,271,290,291]. Due to SA’s versatile configuration and low water requirements, it can be successfully implemented in a wide-variety of settings, from fertile coastal areas to arid deserts, as well as in urban or peri-urban settlements [273]. Another potential benefit of SA is that many of the species that are suitable for these systems, have a high commercial value. For example, the euryhaline European sea bass (Dicentrarchus labrax) and gilthead sea bream (Sparus aurata) can fetch a market price of €9/kg and €6/kg respectively. Additionally, edible halophytes tend to have a high market price; with sea-agretto (Salsola soda), for example, having a market price of €4/kg–€4.5/kg [265,270]. SA is a dynamic and rapidly growing field that has the potential to provide a number of services to communities. Love et al. (2014) conducted an international survey of aquaponic practitioners and found that most were hobbyists, however, a significant proportion of respondents were educators, non-profit organizations (NGOs), and commercial producers. The main reasons cited for being involved in aquaponics were to grow their own food, to advance environmental sustainability, and improve personal health. As SA shares many of the principles and methodologies of aquaponics, it also has many potential applications for local communities [220]. For example, due to the interdisciplinary nature and technological skills required to set-up and run a SA system, they are ideal systems for use as an educational tool. Aquaponic systems, for example, are already in a number of schools across America, allowing students to conduct activities involving chemistry, physics, biology, and sustainability. Also, small to medium scale systems require very little space and can be located in schoolyards, basements, balcony spaces, classrooms, rooftops etc. SA systems could be utilized in the same manner to teach students about these aspects, from a marine/saltwater biology perspective [292]. The ideal pH range for the growth of saltwater fish, halophytes, and saline nitrifying bacteria is approximately 7.5–8.5. Therefore, the issue of a dichotomy between the optimum pH for plant nutrient availability and for nitrifying bacteria that occurs in aquaponics should not be an issue for SA, apart from, perhaps, when salt-tolerant glycophytes are chosen as the plant component [278,293].



Despite these benefits, there are a number of constraints. The hydroponic aspect of SA systems in particular can require a relatively large area of land. For example, Rakocy et al. (2006) estimated that, on average, a square meter of plant growth area is required to treat the water for every 60–100 g of fish feed used [244]. There is an increased risk of cross contamination of pathogens (e.g., of the bacteria Salmonella and Escherichia coli) when growing animals (e.g., fish) near plant produce. However, a number of steps can be taken to prevent any food-safety risks associated with the SA production of food products (refer to reference 295 for more information on on-site freshwater and saltwater aquaponic food safety procedures) [2,294]. Consumers may be wary of consuming produce that was grown with water containing fish feces. Educational initiatives and careful marketing may help alleviate these concerns. Also, if SA develops a strong community-based interest similar to aquaponics, this concern may be reduced further [2,220]. As SA is a relatively new concept, there is a lack of large-scale models to base designs off and a lack of trained or experienced personnel capable of commercial SA management. The development of SA has also been constrained by limited land-based production of saltwater fish species and a limited selection of appropriate edible species that grow in saltwater. Further research is required to identify compatible species of fish and aquatic plants that will thrive in an on-land SA system [2,269].






5. Conclusions


In 2014, for the first time in history, aquaculture’s contribution to the global supply of fish for human consumption exceeded that from capture fisheries. This was as a result of wild fisheries reaching or exceeding their sustainable limit, a lack of fishery policy that promotes efficiency, and an aquaculture industry that is becoming increasingly innovative and making enormous strides in technology and management [3,6,8,9]. Although the majority of aquaculture currently takes place in freshwater (c.60%), it is likely that saltwater aquaculture will close this gap as global freshwater shortages reduce the ability to conduct on-land freshwater aquaculture [3]. Saltwater aquaculture has become one of the most promising avenues for increasing the production of seafood against a backdrop of exploited or over-exploited fisheries, however, it does come with a number of potential negative impacts (i.e., effluent discharge; presence of contaminants; water consumption; farmed fish escapes; parasite and disease transmission; reliance on fishmeal and oil for addition to feeds).



RAS operations offer a number of solutions to these concerns. Due to the on-land and recirculatory nature of RAS, the potential for fish escapes is extremely low and 90%–99% of water is recycled. They can be located on land unsuitable for other food production methods, in urban areas or close to markets Contaminants, parasites, and diseases can be removed or treated effectively through sterilization of the reused water and all wastes can be concentrated and treated or used as an input to other production systems (e.g., agricultural fertilizer or methane generation) [2,88,89,100,101,102,103,104]. RASs can also be located away from water bodies, further reducing the potential for fish escapes to the environment, and allowing for the culture of faster-growing fish that have been selectively bred or genetically modified without the worry of potential biological invasion [2]. Despite these advantages, RASs have a significant drawback; the high cost of infrastructure, labor, management, and energy. For this reason RASs show most promise for the production of high valued species such as salmonids, which have a high reliance of fishmeal and fish oil rich aquafeeds and will not be affordable for developing nations who rely mainly on lower trophic level fish for their fish protein intake [91,104].



The concept of integrated multi-trophic aquaculture (IMTA) aims to address the negative impacts of saltwater aquaculture through an ecosystem-based approach, where species from different trophic levels utilize the wastes from fed aquaculture (e.g., finfish and shrimp). Inorganic extractive species (e.g., seaweeds) uptake excess nutrients such as nitrogen and phosphorus, while organic extractive species (i.e., invertebrates) uptake detritus and organic matter [126,129,130]. Organic extractive species (e.g., mussels) have also demonstrated their ability to consume parasites and inactivate pathogens. The novel use of cleaner-fish is also being trialed and has shown promise in, for example, the removal of sea-lice from Atlantic salmon [145,146,177,178]. Culturing species form different trophic levels can achieve environmental stability through the biomitigation of aquaculture wastes, while at the same time providing the farmer economic stability through product diversification [2,129].



For offshore aquaculture and non-RASs on-land systems, the issue of natural and man-made contaminants accumulating in farmed crops and/or negatively impacting their health may not be solved through IMTA techniques. However, solutions include locating farms in areas with low levels of naturally occurring contaminates and the use of PCD and dioxin free fish feeds [18]. The concept of IMTA itself will also not solve the potential for fish escapes in offshore IMTA systems, however, the risk can be reduced through the use of stronger net materials and covers on boat propellers to avoid tearing of nets. Like RASs, on-land IMTA systems isolated from the natural environment will provide a more secure method for fish escape mitigation [21,60]. Aquaculture’s high reliance of fishmeal and fish oil for the production of aquafeeds will also need to be addressed for IMTA systems to be truly environmentally sustainable. Fishmeal and fish oil is generally obtained from fish low down on the food chain (i.e., small pelagic fish). These fish provide an essential food source for large fish, marine mammals, seabirds, and humans (particularly those from developing countries) [2,19,78,79,80]. This will require further research and development into alternative feed ingredients (e.g., terrestrial plant alternatives, macroalgae) and the further improvement of fed fish FCRs [2,6,17,19,74,77,81].



For on-land saltwater aquaculture, there are a number of IMTA options currently being researched and developed. For farms that are located in areas where a large quantity of low cost land is available, halophyte constructed wetlands (CWs) provide an IMTA approach that is cost-effective, requires moderate capital investment, and has low energy consumption and maintenance expenses [210,211,212]. A number of studies have demonstrated the effectiveness of halophyte CWs in the removal of nitrogen, phosphorus, and suspended solids, while providing a crop that has a number of commercial applications [185,196,197,198,199,200,201,202,203,204,205,206,207,208,209,210]. However, halophyte CWs require an extensive area and would not be suitable in locations with a high land price. Also, the variety of crops you can grow in constructed wetlands is quite limited [184,198].



SA is an on-land IMTA concept that combines saltwater aquaculture with the hydroponic cultivation of saltwater or salt resistant/tolerant aquatic plants. These systems are typically practiced in a controlled manner (e.g., controlled flow rates; located in greenhouses), are often recirculatory in nature, and have organic and/or mechanical biofilters, providing a better opportunity for intensive cultivation, water reuse, and reduced wastewater production when compared with traditional crop and fish production methods. Improvements to the water quality also reduce the potential for disease occurrence and subsequently the need for antibiotic use [265,269,291]. Due to SA’s versatile configuration options and low water requirements they can be located in a variety of settings from arid deserts to urban settlements [270] and can be utilized by a wide range of user-groups such as hobbyists, NGOs, educators, and commercial producers [220]. However, as SA is a relatively new concept, there is a lack of models (especially on a commercial-scale) to base designs off and there is a lack of trained or experienced personnel capable of running SA systems. In contrast to freshwater systems, there is also a limited selection of suitable, edible species that grow in saltwater [2,269].



IMTA as a concept is still in its infancy and a large amount of research and development is still required to identify a suitable combination of species, in the correct proportions, that will operate effectively on a site-specific basis. Nevertheless, rethinking aquaculture production with an integrated mind-set will be needed to tackle the simultaneous challenges of feed and energy demands, containment of wastes, control of pathogens and disease, escaped fish, land and water requirements, and consumers’ increasing preference for sustainably produced food products. Also, as profit margins in aquaculture continue to become smaller, the attractiveness of using wastes as inputs to other profitable crops will continue to grow, as long as food safety issues and the public perception of food produced with water containing fish feces is effectively dealt with.
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