
 

 
 
 

We must plant the sea and herd its animals using the sea as farmers instead of hunters. 
That is what civilization is all about - farming replacing hunting. Jacques Yves Cousteau 
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ABSTRACT 

Freshwater integrated multi-trophic aquaculture (FIMTA) integrates animal 

aquaculture with plant culture where wastes produced by fish are either converted by 

microbes and/or invertebrates, then consumed by plants, or directly consumed by plants. 

An experimental system tested 13 plant species and measured nutrient removal from 

sludge effluent collected from a commercial salmon hatchery using two techniques: the 

floating raft and the media-filled bed. Biochar, a stable form of carbon, was produced by 

the pyrolysis of IMTA-grown kelps and was tested as a substrate in both techniques. 

After rinsing, the biochar was suitable for seedling production and in the floating raft 

technique; however, it was unsuccessful in the media-filled beds presumably due to its 

high water retention. The development of FIMTA for salmon hatcheries will aid in the 

completion of IMTA from “egg to plate”, which can be useful for branding purposes, 

product diversification, wastes reduction, water reuse and improved societal acceptance. 

Importantly, reducing phosphorus levels in effluents can prevent eutrophication and help 

farmers meet water quality guidelines.     
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Chapter 1: General Introduction 

 

Integrated multi-trophic aquaculture 

Integrated multi-trophic aquaculture (IMTA) is the aquatic farming of multiple 

species from different trophic levels in proximity, allowing wastes or nutrients to be 

recaptured (Chopin et al. 2010). It can improve the environmental, societal and 

economic sustainability of the industry. Bioremediation of nutrients from fed 

aquaculture species (e.g. fish) should decrease negative environmental effects and 

produce extractive (nutrient removing) species of commercial value. By reducing 

ecological problems such as eutrophication, this ecosystem approach to aquaculture can 

improve the public’s perception of aquaculture, increasing social acceptance (Barrington 

et al. 2010). This should lead to increased sales and increased profits for farmers. 

Through the selection of different extractive species it is possible to have multiple 

harvests and revenue through the year. The diversification of products also allows for 

decreased risk by having additional crops for sale in response to changing markets or in 

case one should become unsellable (Ridler et al. 2007). Diversity is also important in 

maintaining long term stability (MacKay 1983), a lack of which can be a cause of pests 

and disease, common in monoculture practices, particularly those with a high stocking 

densities. Additionally, marketing or labeling of IMTA products as environmentally 

responsible may increase consumer acceptance as there is an increasing market for food 

grown locally and organically. The aquaculture industry can benefit from this trend 
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through integration, by producing organic locally grown extractive species in proximity 

to local markets.     

In Canada there have been IMTA developments on both the west (British 

Columbia) and east (New Brunswick) coasts. The fed finfish species include Atlantic 

salmon (Salmo salar Linnaeus, 1758) on the east and west coasts, and sablefish 

(Anoplopoma fimbria Pallas, 1814) on the west coast. The uneaten feed and wastes from 

these farmed fish provide organic and inorganic nutrients for extractive species. The 

marine organic extractive species consist of suspension, filter and deposit feeders. The 

suspension and filter feeders include blue mussels (Mytilus edulis Linnaeus, 1758) and 

bay mussels (Mytilus trossulus Gould, 1850) on the east and west coast, Mediterranean 

mussels (Mytilus galloprovincialis Lamarck, 1819), scallops (Patinopecten yessoensis 

Jay, 1857) and oysters (Crassostrea gigas Thunberg, 1793) on the west coast and the 

orange-footed sea cucumber (Cucumaria frondosa Gunnerus, 1767) on the east coast. 

The deposit feeders include the giant Californian sea cucumber (Parastichopus 

californicus Linnaeus, 1758) on the west coast (Chopin et al. 2012). Development of sea 

urchins, (Strongylocentrotus droebachiensis O. F. Müller, 1776), sea worms (Alitta 

virens M. Sars, 1835), basket cockles (Clinocardium nuttallii Conrad, 1837) and the 

Pacific prawn (Pandalus platyceros Brandt, 1851) continues. The marine inorganic 

extractive species include two kelp species: Saccharina latissima (Linnaeus) Lane, 

Mayes, Druehl and Saunders (east and west coast) and Alaria esculenta (Linnaeus) 

Greville (east coast). Development of dulse, Palmaria palmata (Linnaeus) Weber and 

Mohr is underway (Chopin et al. 2013). Integrated multi-trophic aquaculture is not 
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limited to the above mentioned species but can be adapted to many species and to a 

variety of culture methods (e.g. marine or freshwater, extensive or intensive).   

In some cases, IMTA can produce synergistic effects with increased growth rates 

in farmed extractive species in comparison to their wild counterparts. In the Bay of 

Fundy, Canada, kelps grown next to salmon cages can increase their biomass 46% in 

comparison to kelps grown at a reference site away from salmon sites (Chopin et al. 

2004), and in some cases mussels can more than double their weight relative to 

reference sites (Lander et al. 2012). Similar results of increased growth were shown for 

oysters grown in proximity to salmon cages in British Columbia (Jones and Iwama 

1990). In turn, farmed fish may show reduced disease because filter feeders have the 

ability to ingest and reduce the transmission of bacterial, parasitic and viral infection 

agents. For example, filter feeders have been shown to ingest spores of Loma salmonae 

(an agent of microsporidial gill disease) (McConnachie et al. 2012) and planktonic sea 

lice (Lepeophtheirus salmonis Krøyer, 1837) (Molloy et al. 2011, Webb et al. 2013).  

Freshwater integrated multi-trophic aquaculture 

Locally, integrated multi-trophic aquaculture has so far been developed for the 

marine phase of Atlantic salmon culture; however, the natural life cycle of salmon is 

anadromous. Salmon hatch in freshwater and can spend 2-6 years there before migrating 

to salt water. After a period of 1-2 years at sea, they return to their native river system to 

breed. This natural life cycle is mimicked by culture methods in a shorter time period, 

i.e. 9 to 18 months in the freshwater hatchery followed by a period of up to 2 years at 

sea. Some freshwater facilities also include year-round broodstock, where specific 
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conditions can be maintained (i.e. temperature and photoperiod) to allow for successful 

production of gametes. The development of IMTA for the freshwater phase of 

commercial salmon culture (freshwater integrated multi-trophic aquaculture or FIMTA) 

is not only important for the completion of IMTA from “egg to plate” (i.e. freshwater 

IMTA at the hatchery and marine IMTA for the sea culture phase), but also offers the 

farmer many benefits including waste/nutrient recycling, product diversification and 

increased water reuse.  

Using extractive species as a means to remediate fish effluent in a freshwater 

context is not a new concept. Historical examples of integrating agriculture and 

aquaculture include South Asian rice paddies (2200-2100 BP) (Beveridge and Little 

2002) and the Aztec’s chinampas (1150-1350 BP) (Turcios and Papenbrock 2014). The 

development of recirculating aquaculture systems led to work during the 1970’s at the 

New Alchemy Institute, in Massachusetts, where plants grown using hydroponic 

techniques (soil-less plant culture where nutrients are added in a liquid medium) were 

combined with a closed-loop aquaculture system. This has developed to modern 

aquaponics, where nutrients for the plants are provided by the fish effluents (Love et al. 

2015). The wastes or dissolved nutrients, excreted directly by fish or produced from 

microbial digestion of organic wastes, promote rapid plant growth (Pantanella et al. 

2012; Roosta and Hamidour 2011; Savidov et al. 2005). Growing plants with 

aquaculture wastewater extracts these nutrients, cleans water for reuse in a recirculating 

system and may provide the farmer with a secondary product. 
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Salmon hatchery nutrients 

In Canada, the freshwater phase of salmon culture is predominately done in 

hatcheries or land-based tank systems. These land-based systems can be flow-through or 

recirculating (Van Rijn 1996). Freshwater flow-through systems are associated with a 

large water source, typically a river, stream or high flow spring, the water from which is 

passed through the culture tanks and then discharged back into the environment, 

potentially leading to eutrophication. This water can be treated to remove fish wastes 

before discharge by means of mechanical filtration, and/or the use of settling ponds. 

However, due to the large volume of water exiting these facilities, nutrient 

concentrations can be dilute and therefore not treated (Blidariu and Grozea 2011). In 

contrast, recirculating aquaculture systems reuse water which reduces water usage and 

heating/cooling costs. However, without treatment of recirculated water, wastes can 

reach levels toxic to fish. Waste treatment in these systems typically occurs within the 

recirculating loop as well as with the effluents discharged from the loop (Van Rijn 

2013). The wastewater leaving these facilities is typically treated (which can be costly to 

the grower) or enters the environment partially treated (which can still lead to 

eutrophication). The amount and quality of wastes produced will differ based on facility 

type and the filtration or treatment methods used. Given the range of design options and 

source water, the addition and impact of FIMTA systems will ultimately be site specific.  

Wastes in freshwater culture systems are either in solid/organic (uneaten feed, 

feces) or soluble/inorganic (ammonia, liquid waste) form (Reid et al. 2009) and 

typically contain nitrogen and phosphorus (Lalonde et al. 2013). Fortunately, nitrogen 

and phosphorus are also major essential plant nutrients. Nitrogen in the form of 
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ammonia, which is naturally produced during fish metabolism, is toxic to fish so is 

treated with biofilters in recirculating aquaculture systems. These biofilters contain large 

amounts of aerobic nitrifying bacteria which convert ammonia into nitrites and then into 

less toxic nitrates (Van Rijn 1996). Plants are able to consume both ammonia and nitrate 

(Crawford and Glass 1998) and could reduce periodic flushing which is typically 

required in recirculating systems to maintain water quality. Unfortunately, once the 

undigested phosphorus is released into the culture water it is traditionally untreated and 

discharged with the effluent water. Because phosphorus is particularly implicated in 

eutrophication in freshwater ecosystems, regulations in many countries limit the amount 

a farmer may discharge. Excess phosphorus is therefore being mitigated with changes in 

feed, anaerobic biofilters which consume phosphorus and the use of coagulants which 

enable the phosphorus compounds to be physically filtered from the system water so 

they can be contained with the fish waste solids or sludge effluent (Adler et al. 2000; 

Barak and Van Rijn 2000; Ebeling et al. 2003). Incorporating FIMTA so that 

phosphorus and other dissolved wastes can be consumed by growing plants may prove 

to be a more effective alternative. Finding alternative phosphorus sources for growing 

food crops is also important because commonly used phosphorus rock fertilizers are a 

finite resource, and it is estimated that world supplies could be depleted by 2050-2100 

(Vaccari 2009; Vance et al. 2003). Consequently, the recycling of phosphorus and its 

removal from freshwater aquaculture effluent is an important reason for farmers to 

incorporate FIMTA. 

A large cost of finfish farming is the cost of feed, the quality of which will 

determine its digestibility and the amount of wastes produced. Approximately 15% of 
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total salmonid food intake is indigestible and excreted in fecal form. Only 50% of 

phosphorus content in feed is digestible (Reid et al. 2009). In monoculture systems 

undigested feed is a double expense: as it is wasted investment, plus costs the farmers 

additional money to have it treated or removed from the premises. Incorporating IMTA 

can shift the focus from the various forms of treatments to maximizing recycling rates, 

which can allow these wastes to be seen as nutrients for extractive species (Blidariu and 

Grozea 2011). Hence, rather than paying to have them removed from the system, they 

can be transformed into potentially merchantable biomass.  

Aquaponic techniques 

Aquaponics is a form of IMTA (Goddek et al. 2015) that integrates animal 

aquaculture with hydroponic plant culture (Rakocy et al. 2006). This integration is made 

possible with the use of microbes that break down organic fish wastes into inorganic 

minerals that are then able to be consumed by the plants. Moreover, these 

microorganisms can be antagonistic to plant root pathogens, promoting healthy root 

growth (Rakocy et al. 2012). Similar to IMTA there are no set designs or optimal 

species for aquaponics/FIMTA. The same principles can be adapted to a wide variety of 

fish species, plant species and culture conditions. It can be adapted to extensive (pond 

culture) or intensive (high production recirculating aquaculture systems) systems and is 

also common in smaller backyard setups.   

Nutrients available for the plants in an aquaponic system are directly related to 

the quality of feed added to the system, based on feed ingredients and digestive system 

of the fish species cultured (Reid et al. 2009). The form of soluble nutrients directly 
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excreted in aquaponic systems is rarely optimal for plants to assimilate (Seawright et al. 

1998). Therefore, it is common to supplement nutrients, mainly iron and calcium, for 

optimal plant growth (Rakocy et al. 2006). However, recent work at the Crop 

Diversification Center in Alberta, has developed biodigesters (an aerobic mineralization 

tank for solids) for aquaponics, which allows for complete use of solids (sludge effluent) 

and removes the need for supplemental fertilizers (Nichols 2008). Unfortunately; the 

microbes, the mineralization rates and the solubility of the nutrients involved are not 

currently well understood (Goodek et al. 2015). 

There are three popular hydroponic plant growth systems that have been adapted 

for use in aquaponics: (1) nutrient film technique (NFT), (2) media/substrate-filled beds 

and (3) floating raft, or deep water culture, technique (DWC) (Tyson et al. 2011). In 

NFT plants are suspended from a cover allowing the roots to hang inside a gutter or 

channel where a thin film of nutrient rich water is passed over the roots (Cooper 1979). 

This method uses less water, in comparison to the other two methods and is lightweight. 

The gutters can be stacked or stood vertically enabling them to be placed in small 

spaces. However, the plants will perish quickly without water should system failure 

occur (Goddek et al. 2015). Media/substrate-filled beds use an inert medium/substrate 

such as gravel or expanded clay in the grow-beds, and effluent is trickled through (some 

systems use a flood and drain design) maintaining space for  oxygen for root respiration 

(Lennard and Leonard 2005). The substrate in the grow-beds provides the plants with 

additional physical support allowing for plants to be grown larger than the other two 

techniques and increasing surface area for microbial colonization. However, solids 

removal is important as they can settle out to clog the substrate, leading to undesirable 
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anaerobic conditions (McMurtry et al. 1990). The floating raft technique consists of 

large aerated grow-beds covered with floating polystyrene (Styrofoam) sheets. For 

proper circulation and adequate room for the plant roots, water depth is around 30 cm 

(Rakocy et al. 2006). The large volume of water provides nutrient and temperature 

stability and there is less risk should an equipment failure occur. The plants are placed in 

net pots along with a substrate such as rockwool, coconut coir or pumice for support 

(Goddek et al. 2015). The pots are placed into the perforated Styrofoam sheets allowing 

the roots to hang in the effluent-filled grow-beds. This technique is limited to smaller 

plants as the floating rafts can support only a limited weight. The net pots are best suited 

to plants with filamentous roots (rather than tap roots or tubers). The floating raft and 

the media-filled systems are the most popular among commercial or semi-commercial 

operations (Love et al. 2015).     

The most efficient approach is to match the growing conditions of the fish to 

those tolerated by the plant. Primarily, aquaponics or integrated aquaculture agriculture 

systems have been developed using warm water fish species such as tilapia (Love et al. 

2015) because many vegetable and herb cultivars grow well at similar temperatures (20-

30°C). When adapting these systems to temperate climates and cold water fish species, 

cold tolerant plant species are required (Khoda Bakhsh et al. 2015).  

Biochar as an aquaponic substrate 

Biochar is a stable form of carbon produced from organic material that has been 

pyrolysed; i.e. burned in a low/no oxygen environment (Solaiman et al. 2012). The 

pyrolysis of biomass produces bio-oil (that can be burned for heat or refined into 
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transportation fuels) and/or syngas (that can be used to power the pyrolysis) and 

charcoal. Depending on the quality of the charcoal it can be further burned and used for 

energy or used to improve soil quality (i.e. biochar) (Laird 2008). Due to the long term 

stability, when placed in the ground, biochar slows the rate at which photosynthetically 

fixed carbon is returned to the atmosphere (Woolf et al. 2010), potentially reducing its 

contribution to climate change.  

Agricultural use of biochar is an old technology and its long term stability is 

evident in the black fertile soils produced by pre-Colombian Amazonians thousands of 

years ago (Graber et al. 2010). It is believed they used slash-and-char techniques where 

pits were dug to bury burning trees (or other matter); producing biochar rather than ash 

(Lehmann et al. 2006). As an agricultural aid, biochar has a high surface area and cation 

exchange capacity allowing for nutrient- and water-holding capabilities (Woolf et al. 

2010), which can, in turn, reduce fertilizer run-off and hence eutrophication.  It also 

stimulates beneficial microbial community colonization (Graber et al. 2010); some 

biochar may contain low quantities of phytotoxic compounds which may induce 

systemic resistance, and thereby increase disease resistance in plants (Elad et al. 2010). 

Using algae for the co-production of energy and biochar offers several 

advantages over terrestrially derived biomass. The latter requires fertile land that could 

be used for food production, as well as freshwater and fertilizer usage. In contrast, algae 

do not require land space, have faster growth rates and are more efficient at capturing 

carbon dioxide than terrestrial plants (Kebelmann 2013). However, algal culture does 

require water space and when cultured using long lines can be problematic or unsightly 

for others using the area. In contrast to land plants, algae contain less carbon and are not 
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ligno-cellulosic which decreases their carbon sequestration potential and causes an 

increase of ash rather than biochar to be produced during pyrolysis. Despite these 

negative aspects, potential benefits include their typically high pH, nitrogen, 

bioavailable inorganic nutrients (Bird et al. 2011) and bio-oil products can be used 

directly as transport fuel (Kim et al. 2012).   

Biochar has many excellent qualities as a substrate for aquaponics. It is stable in 

wet environments, provides pH stability and increased cation exchange capacity and has 

low bulk density (Nichols et al. 2010). Many studies using biochar in soil-less plant 

culture (aquaponics or hydroponic) have mixed the biochar with peat or coir (Graber et 

al. 2010; Northup 2013; Vaughn et al. 2013) and results are typically positive (Zhang et 

al. 2012). Research performed in part with the Alberta biochar initiative, using 100% 

biochar in hydroponic culture, has shown plant growth in a variety of biochars is similar 

to, or better than, that in coir or coir/sawdust controls (Zhang et al. 2013; Nichols et al. 

2010). Biochars differ with the material that is charred and production methods 

(pyrolysis temperature and duration); batches should be tested prior to use, as effects on 

seed germination can vary (Solaiman et al. 2012).   

Using IMTA kelps in the FIMTA system, as a locally produced and renewable 

resource, develops another interesting loop in the approach to recycling, which is an 

important component of the IMTA concept. It also develops a substrate type that can be 

produced locally, reducing the carbon footprint, in comparison to commonly used 

coconut coir.        
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Objectives 

The purpose of this study was to determine the performance (plant production 

and nutrient removal) of a FIMTA/aquaponics system using Atlantic salmon effluent 

(fish culture water and sludge waste effluent) at temperatures approximately equivalent 

to optimal salmon water temperatures. This was assessed by growing 13 plant species 

(chives (Allium schoenoprasum Linnaeus), nasturtium (Tropaeolum majus Linnaeus), 

kale (Brassica oleracea var. acephala de Candolle), watercress (Nasturtium officinale 

W. T. Aiton), garden pinks (Dianthus x hybrida 'Rainbow Loveliness'), chard (Beta 

vulgaris subsp. cicla Linnaeus), salicornia (Salicornia europaea Linnaeus), spinach 

(Spinacia oleracea var. oleracea Linnaeus), mint (Mentha sp.), yarrow (Achillea 

millefolium Linnaeus), escarole (Cichorium endivia var. crispum Linnaeus), leaf lettuce 

(Lactuca sativa Linnaeus) and German chamomile (Matricaria chamomilla Linnaeus)) 

with effluent collected at a commercial salmon hatchery at two temperature settings, 10-

12°C and 13-15°C; the optimal water temperature range for Atlantic salmon culture is 

10-15°C (Timmons et al. 2002). Plant performance was assessed in terms of growth 

(weekly height measurements, harvested wet and dry weights) and nutrient removing 

capabilities (harvested nitrogen and phosphorus tissue content) for aerial and root plant 

portions. Water nutrient contents while using the floating raft system were assessed 

weekly as electrical conductivity, ammonia, nitrite, nitrate, total phosphorus and total 

nitrogen. The ability of the system to remove phosphorus and nitrogen from effluent 

water was determined as the difference between initial and final nutrient concentrations 

vs. plant tissue contents. Lastly, the use of locally grown and locally pyrolysed IMTA 
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kelp biochar was tested as a substrate/media for seedling production and in two growing 

techniques, the floating raft and the media-filled bed techniques.  

 The second chapter reviews the plant species that were tested in the system. It 

also details selection criteria and rationales for their use. The third chapter tests the use 

of IMTA kelp biochar as a substrate for seedling production as well as its use in both 

floating raft and media-filled bed techniques. The fourth chapter assesses nutrient 

dynamics in the floating raft technique and plant performance in terms of growth and 

nutrient removing capabilities. The fifth chapter tests lettuce grown in the system for 

food safety. These chapters are followed by a general discussion synthesizing the 

findings and providing recommendations for future research.  

Significance of the study 

Aquaculture currently supplies 50% of the world’s aquatic seafood, and the 

industry is expected to continue to grow (FAO 2014). The IMTA practice is one 

solution to improve the overall sustainability of this growing industry, not just in 

Canada but also world-wide (Klinger and Naylor 2012). Atlantic salmon is a popular 

farmed fish species in several temperate parts of the world including Canada, Norway, 

Chile and the United Kingdom  (Liu and Sumaila 2008) and the incorporation of 

FIMTA to the hatchery phase can aid in the sustainability of the industry through the 

reduction of wastes, increased reuse of water, product diversification and increased 

customer acceptance. Removal/recycling of excess nutrients can help to reduce 

eutrophication, helping farmers meet environmental guidelines and reducing 

environmental stress.  
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Chapter 2: Plant selection for use in cold-temperate freshwater 

integrated multi-trophic aquaculture of commercial Atlantic salmon 

(Salmo salar). 

Introduction 

Aquaculture, a fast growing industry, has the ability to improve its sustainability 

(environmental, economic and societal) with freshwater integrated multi-trophic 

aquaculture (FIMTA) or aquaponics. Many wild fish populations are in decline due to 

unsustainable fishing practices, for which aquaculture provides one alternative. 

Currently, there are approximately 50 freshwater aquaculture farms in Atlantic Canada 

(Lalonde et al. 2013), of various sizes and employing various systems. The majority of 

these farms are hatcheries where Atlantic salmon (Salmo salar Linnaeus, 1758) are 

cultured for 12-18 months before moving to ocean net pens. The wastewater produced at 

these facilities may contain excess nitrogen, phosphorus and organic matter (Reid et al. 

2009). The waste water leaving these facilities is treated (which can be costly to the 

grower) or enters the environment partially treated (which can lead to eutrophication). 

By integrating aquaculture with horticulture, the wastes, i.e. dissolved nutrients excreted 

directly by fish, or produced from the microbial breakdown of wastes, can be used to 

produce marketable plant biomass (Adler et al. 2000; Rakocy et al. 2006 ). Plants grown 

in wastewater remove many of these nutrients, cleaning water for reuse in a recirculating 

system and provide the farmer with a potential secondary source of income. This 

integration can also improve environmental stewardship and provide a marketing 

advantage as an environmentally friendly or “green” production.   
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The practice of FIMTA is particularly valuable as a way to remove phosphorus 

from freshwater aquaculture effluent. Recirculating aquaculture systems reuse water 

which saves costs of heating/cooling and reduces water usage. However, it also allows 

accumulation of wastes, including phosphorus, requiring remediation. Environmental 

release of phosphorus can cause eutrophication; regulations limiting the amount a 

farmer is allowed to discharge have become stricter in many countries. However, 

removal of dissolved phosphorus from culture water can be difficult and/or costly (Adler 

et al. 2000; Barak and Van Rijn 2000). Phosphorus content in effluent is being mitigated 

with changes in feed, anaerobic biofilters which consume phosphorus and/or the use of 

coagulants which bind the phosphorus molecules enabling their removal by filtration 

(Barak and Van Rijn 2000; Ebeling et al. 2003). Aquaponics/ or FIMTA provides a 

practical alternative to expensive biofilters or coagulants; it promotes recycling and 

reuse of the phosphorus and other dissolved wastes through consumption by marketable 

plants. Plants typically have a phosphorus concentration of 0.05 to 0.5% (0.5 to 5 mg/g) 

dry weight (Vance et al. 2003; Schachtman et al. 1998). Incorporating plants that are 

particularly high in phosphorus uptake could facilitate the removal of this element from 

effluent with less required space, while simultaneously increasing agricultural 

production   

Adaptations of the media-filled systems (beds) and the floating raft technique are 

popular in commercial or semi-commercial aquaponic operations (Love et al. 2015). 

The media-filled system consists of a shallow container or grow-bed that is filled with 

an inert substrate/medium such as gravel, expanded clay or pumice, and the nutrient-rich 

effluent is either trickled through or flooded and drained successively (Lennard and 
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Leonard 2005). The substrate provides support for the plants as well as surface area for 

microbial colonization. The floating raft technique involves a grow-bed filled with 

aerated effluent and the plants are suspended on floating polystyrene sheets providing 

the roots with constant exposure to nutrients. The tank depth is typically 30 cm to 

provide room for the roots and also allowing nutrient and temperature stability (Rackocy 

et al. 2006). However, the floating polystyrene sheets are limited by their buoyancy, 

hence support smaller sized plants.  

When selecting plants for FIMTA, specific growth requirements of both plants 

and fish must be considered, including temperature, lighting, pH and nutrients. Atlantic 

salmon is a cold-water fish species with a preferred water temperature of 10-15°C and 

pH of 7.2-7.6 (slightly alkaline) (Timmons et al. 2002). This water temperature is 

particularly limiting, most tender plants (e.g. tomato, cucumber) will grow well in 

temperatures ranging from 16 to 24°C, and half-hardy plants from 10 to 18°C (e.g. 

chard, lettuce), whereas only hardy plants survive in a temperature range of 7 to 16°C 

(e.g. kale, spinach) (Nxawe et al. 2010). It is also desirable to select plants that will be 

relatively light-weight (for the floating raft technique) with filamentous roots suited to 

growth in net pots.  

Plants can be cultured for edible produce (vegetables and culinary herbs), 

ornamentals (cut flowers and house plants) or for medicinal purposes. A common choice 

is culinary herbs (e.g. basil) due to their potentially quick growth and higher economic 

value (Love et al. 2015). Also, the entire plant is used whereas only the fruits of e.g. 

tomatoes or cucumbers are sold, leaving the bulk of the plant as biodegradable waste. 

For temperate areas, supplemental lighting can be added to aquaponic systems to 
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produce marketable biomass (i.e. fish, plants), providing a consistent product year 

round.  

Materials and methods 

A literature search was performed to identify plants that would be compatible 

with Atlantic salmon commercial culture conditions. Search criteria included plants with 

a low optimal growth temperature, ability to be grown with the floating raft technique 

(relatively light weight and filamentous roots preferred) and marketable. Additional 

literature provided other useful information on the selected plant species (medicinal 

effects, phosphorus content, harvesting techniques, etc.). Phosphorus content on a dry 

weight basis was calculated using information (on phosphorus and water contents) 

provided by the United States Department of Agriculture Standard Reference (USDA 

2015). The selected plant species were later tested in a temperature- and light- 

controlled, pilot scale aquaponic system using effluent collected from a local freshwater 

commercial Atlantic salmon hatchery.   

The selected plants belong to seven different plant families (Table 1), for 

additional plant information see Appendix 1. Taxonomy follows the Linear Angiosperm 

Phylogeny Group (LAPG) III (Haston et al. 2009) and the Flora of North America 

editorial committee (Flora of North America Editorial Committee 1993.   
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Results 

Chives 

Allium schoenoprasum (Family Amaryllidaceae) is a popular perennial culinary 

herb native to Europe and Asia (Charles 2013). Its hardy nature allows it to be cultured 

in most temperate regions around the globe. Chives are a potential candidate for salmon 

aquaponics because they can grow under a wide variety of temperatures and light 

conditions, they can be propagated by seed or by division of bulbs and leaves can be cut 

and re-harvested. Chives have a potential phosphorus concentration of 6.20 mg·g-1 dry 

weight (USDA 2015). 

Chives have multiple characteristics that make them desirable for human use. 

They contain vitamin A and C, have antioxidant and antitumor effects, and have 

possible antiepileptic properties (Asadi-Pooya et al. 2012). They are well known to 

reduce blood pressure benefiting the circulatory system (Stajner et al. 2011; Vlase et al. 

2012). They also contain sulfides that confer antimicrobial and antifungal properties 

(Vlase et al. 2012). Chive oil is a potential natural alternative to antibiotics and has been 

used in fish feed to treat columnaris disease, a common bacterial disease in fish 

(Rattanachaikunsopon and Phumkhachorn 2009). 

Nasturtium 

Tropaeolum majus (Family Tropaelaceae) is a fast growing, cool climate annual 

native to South America (Garzon and Wrolstad 2009; Lim 2014). It is a multi-purpose 

plant grown for its ornamental, medicinal and edible properties. Because of its high 

functionality, it is now grown in many temperate areas and is a favorite of many flower 
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gardens. It is tolerant of a wide range of temperatures (10-30 °C), with optimal growth 

at 15-20 ° (Munir et al. 2015). One study found the flowers to have an average 

phosphorus content of 0.48 mg/g, fresh weight (Rop et al. 2012).  

Nasturtium has many human uses. Its flowers and leaves are well known as 

being edible and increasing in popularity (Lim 2014), typically eaten raw in salads for 

their peppery flavour or added to soups, meat dishes and pasta. Additionally, the green 

flower pods can be pickled and used as a substitute for capers (Bazylko et al. 2013). 

Traditionally nasturtiums have been used as a disinfectant, wound healer, antibiotic and 

to prevent scurvy (Garzon and Wrolstad 2009).  Recently it has been found that their 

volatile oils have antibacterial, antiviral, antifungal, antioxidant and insecticidal 

properties (Butnariu and Bostan 2013). The oils are also used as an ingredient in anti-

dandruff shampoo and have been used to treat upper respiratory tract and urinary tract 

diseases (Bazylko et al. 2013). The flowers are an excellent source of lutein which is an 

important carotenoid for eye health and can reduce the risk of cataract and macular 

degeneration (Niizu and Rodriguez-Amaya 2005). The flowers also contain high levels 

of  anthocyanin that can be used as a natural colourant for food, cosmetics and 

pharmaceuticals (Garzon and Wrolstad 2009).   

Kale 

Brassica oleracea var. acephala (Family Brassicaceae) is a variety of the 

herbaceous cold-hardy species that also includes broccoli, cabbage, Brussels sprouts and 

cauliflower. Brassica species have optimal growth temperatures of 15-20°C; however, 

most can grow in temperatures ranging from 0° C to 26° C (Tan et al. 2000). Kale are 
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typically grown as annuals; however, they can survive multiple seasons if temperatures 

remain above -0.2°C and (the whole species) can even tolerate temperatures of -10°C by 

storing solutes in their cells to avoid freezing injury (FAO 2005). Due to the large size 

and length of time until harvest, Brussels sprouts, broccoli, cauliflower and cabbage 

may not be optimal plants for raft aquaponics; however, leafy kale shows promise. It is 

grown from seed, can be harvested 30-50 days after transplant and can be partially 

harvested allowing for regrowth (Charron et al. 2005). One study indicated that 

phosphorus concentrations in both the roots and shoots of kale are typically low, ranging 

from 0.05 to 0.57 mg·g-1 fresh weight (Lisiewska et al. 2009) or 5.76 mg·g-1 dry weight 

(USDA 2015).   

Kale is considered a “super-food” because of its high nutritional value and health 

benefits. Its consumption is popular in the Middle East and is gaining popularity 

worldwide (Ayaz et al. 2006). It is consumed raw or cooked, often added to salads or 

soups. It contains many essential minerals with significant amounts of calcium and 

potassium, and lesser amounts of iron, zinc and magnesium (Jahangir et al. 2009). Kale 

is also a plant source of omega-3 fatty acids (Ayaz et al. 2006) and contains 

considerable amounts of vitamins C, E, K and carotenoids (Heimler et al. 2006). Its rich 

concentrations of antioxidants, vitamins and carotenoids can aid in the prevention of 

degenerative diseases and cancers (Heimler et al. 2006; Jahangir et al. 2009). Kale also 

has the ability to improve eye health with compounds including lutein (Abdel-Aal et al. 

2013). 
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Watercress 

Nasturtium officinale (Family Brassicaceae) is a perennial herb native to Europe. 

A streamside plant, it is tolerant of partial submergence and is tolerant of a wide range 

of  light intensities (full sun to partial shade 200 to 1000 μmol photons ·m -2 ·s -1), pH 

(4.3 to 8.3) (Smith 2007) and temperatures (Song et al. 2012). It can be grown rapidly 

from seed or from shoot tip cuttings, with potential growth rates of 5-7% per day in the 

field and 15% per day under laboratory conditions (Howard-Williams et al. 1982).  

When grown from seed it can take 35 to 50 days until first harvest, with subsequent 

partial harvesting every 15 to 30 days (Smith 2007).  

Watercress is well suited for FIMTA because it can accumulate large amounts of 

nitrogen and phosphorus (Fernandez-Going et al. 2013); this has also made it useful for 

restoration of eutrophic water bodies (Song et al. 2012; Hu et al. 2010). Watercress has 

a potential phosphorus content of approximately 6 mg·g-1 fresh weight (Song et al. 

2012) or 12.27 mg·g-1 dry weight (USDA 2015). Phosphorus uptake occurs in both 

basal roots and adventitious roots (roots that occur at the leaf axils) and accumulates at 

growing stem apices and developing roots (Cumbus and Robinson 1977).        

Watercress contains many nutritional vitamins and minerals. It has been cultured 

since ancient times and is typically added to salads, sandwiches or eaten steamed. It 

contains considerable amounts of vitamins B1, B2, C, calcium, iron protein and folic 

acid (Asadi et al. 2012). Watercress has traditionally been used to treat canker sores, 

blood impurities, kidney or bladder stones, acne, eczema, rashes, vitamin deficiencies, 

scurvy, and hangovers (Landauer 2012). Recent studies have found it to contain 
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antioxidants that have anti-cancer properties (Gill et al. 2007; Hecht et al. 1995) and 

boost immune system function (Asadi et al. 2012).   

Garden Pinks 

Dianthus spp. (Family Caryophyllaceae) comprise a variety of species and 

cultivars; some include garden pinks (D. alpinus, D. plumarius, D. x hybrida), carnation 

(D. carophyllus) and sweet William (D. barbatus). Modern pinks are likely cultivars of 

D. alliwoodii (Wurr et al. 2000); however, years of breeding have enabled the 

development of new cultivars that are cold-tolerant perennials and hence suitable for 

temperate climate aquaponics (Porter et al. 2010). Typically grown for ornamental 

purposes, the flowers of pinks are also edible. The petals, which have a mild clove-like 

flavor, can be added to desserts, salads, seafood and stir-fries (Lim 2014). Literature on 

garden pinks is scant; however one study found the average phosphorus content of 

carnation flower petals to be 0.53 mg/g fresh weight (Rop et al. 2012).      

Swiss chard 

Beta vulgaris subsp. cicla, (Family Amaranthaceae) is a temperate annual that is 

grown for its edible leaves and fleshy stalk (unlike its sister variety, the garden beet, 

grown for its root). It is cultivated in many parts of the world because of its hardy nature 

and is particularly popular in the Middle East where it is used in many traditional dishes 

(Gao et al. 2009). Its optimal growing temperature is 28°C; however, it can tolerate 

temperatures down to 5° C (and even some light frosts) and is also saline tolerant 

(Pokluda and Kuben 2002). It is grown from seed and can regrow after the leaves have 

been cut allowing multiple harvests per plant. The stems and foliage were found to have 
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a phosphorus range from 2.38 to 5.99 mg·g-1 dry weight (Bozokalfa et al. 2011; Pokluda 

and Kuben 2002) or 6.27 mg·g-1 dry weight (USDA 2015). 

Swiss chard is a nutritional source of vitamins A, C, B6, E, K, calcium, iron, 

phosphorus and riboflavin (Pyo et al. 2004; Bozokalfa et al. 2011). Traditionally it has 

been used to treat hypoglycemia (low blood sugar), inflammation and hemorrhage (Gao 

et al. 2009). Recently it has been discovered to have anti-cancer properties, antioxidant 

activity (Ninfali et al. 2007; Gao et al. 2009) and anti-acetylcholinesterase activity 

which prevents degenerative diseases such as Alzheimer’s, Parkinson’s and dementia 

(Sacan and Yanardag 2010). 

Salicornia  

Salicornia europaea (Family Amaranthaceae), commonly known as glasswort or 

sea asparagus, is an annual halophyte with congeners found globally in temperate and 

sub-tropical areas (Yin et al. 2012). It has a distinctive succulent morphology with 

physiological tolerance for salt. This provides an advantage in aquaponics because 

effluent from freshwater salmon hatcheries may contain varying concentrations of salts, 

which is added for the treatment of minor infections and during smoltification 

(preparing the salmon for ocean transfer). A similar study had a salt concentration in 

salmon hatchery culture water that inhibited growth of lettuce (Gjesteland 2015); hence, 

a salt tolerant plant was chosen for this study. Salicornia has a potential phosphorus 

content to range from 3 to 9 mg·g-1 dry weight in the upper portion of the plant 

(Ushakova et al. 2005).  
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Nutritionally, Salicornia is source of vitamins A and C, proteins, minerals and 

fatty acids including omega-3 (Ventura et al. 2011; Ventura and Sagi 2013). The fleshy 

stems have been enjoyed as a vegetable by coastal inhabitants for centuries; however, 

recently their demand has increased in many gourmet kitchens (Ventura et al. 2011).  

Traditionally, they have been used to treat scurvy, hypertension and headaches (Yin et 

al. 2012). A similar species, S. herbacea, was found to have anti-oxidative, anti-

inflammatory, lipid reducing and anti-diabetic activities (Rhee et al. 2009). Salicornia is 

also grown as an oilseed crop with oil that is comparable to other major oil seed crops 

cultivation in areas where freshwater is a limiting resource (O'Leary et al. 1985). 

Spinach 

Spinacia oleracea (Family Amaranthaceae) is a cool climate annual grown in 

temperate areas and requires a high amount of moisture. It tends to flower (bolt) when 

grown under high temperatures, at longer day lengths (Parlevliet 1967) or when nitrogen 

concentrations are low (Parlevliet 1968). Flowering is undesirable because it lowers the 

quality and taste of the edible leaves. Growth occurs at 10°C with optimal growth at 15-

24°C (Brechner and de Villa 2013). Grown from seed, spinach will initially reach 

market size in 40 to 70 days where it can be partially harvested and regrown. 

Phosphorus contents in spinach can range from 0.66 to 2.8 mg·g-1 dry weight (Turan et 

al. 2003; Lisiewska et al. 2009) or 5.7 mg·g-1 dry weight (USDA 2015). 

Spinach is a popular leafy vegetable eaten raw or cooked, and is available fresh 

or frozen. It is an excellent source of vitamins A, C, K, B6 and B2; and minerals 

including potassium, calcium, magnesium, folate, selenium and iron. It also contains 
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fiber, proteins, flavonoids, folic acid and omega-3 fatty acids (Lucier et al. 2004; 

Howard et al. 2002).  Consequently, it has many health benefits including antioxidant, 

anti-inflammatory, antimutagenic and anticarcinogenic properties (Howard et al. 2002). 

Spinach is high in oxalic acid; when consumed in high quantities, it can interfere with 

calcium and iron absorption, and cause kidney stones (Noonan and Savage 1999).  

Mint 

Species, hybrids and cultivars of the genus Mentha (Family Lamiaceae) 

comprise a group of popular hardy perennial herbs that are grown around the world for 

their strongly aromatic oil. Their natural habitat is wet areas including riverbanks and 

marshes (Choudhury et al. 2006). Quality of mint is maintained when grown from stem 

cuttings or by division of rhizomes rather than seed (OMAFRA 2012). Mint grown 

hydroponically, with ample nutrients, was able to quickly produce higher quality and 

quantity of oil than soil grown controls (Padmathilake et al. 2007). Tolerant of lower 

temperatures, mint will go dormant at temperatures below 0°C and continue to grow at 

temperatures of 3-5°C (Zheljazkov and Topalov 1997), with optimal temperatures of 15-

25°C (OMAFRA 2012). Phosphorus contents are approximately 4 mg·g-1 dry weight 

(Choudhury et al. 2006) or 4.15 mg·g-1 dry weight (USDA 2015). 

Mint has many human uses. Apart from its use as a culinary herb, it is a popular 

flavoring agent for mouth and throat hygiene agents (gum, toothpaste, mouth wash, etc.) 

It has many health benefits including antioxidant (Choudhury et al. 2006), anti-

inflammatory, anti-parasitic, sedative (calms), diuretic (increases urination), choleretic 

(increases bile secretions) and anti-diabetic properties. It has been used in the treatment 
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of coughs, dizziness, jaundice, stomach ailments, hypertension, influenza, headaches, 

obesity, heart disease and respiratory ailments. It also aids in digestion (Karousou et al. 

2007) and has antimicrobial, insecticidal and anesthetic properties (Karousou et al. 

2007). 

Yarrow 

Achillea millefolium (Family Asteraceae) is a perennial plant that has been used 

medicinally since ancient time and is also a popular ornamental in flower gardens 

(Saeidnia et al. 2011). Originating in Europe, it has since been naturalized in many parts 

of the northern hemisphere (Benedek and Kopp 2007). It is tolerant of a wide range of 

environmental conditions and can be found in moist (e.g. streamside, moist meadows, 

salt marshes) as well as dry habitats (e.g. sand dunes, rocky outcrops) (Warwick and 

Black 1982).   

Historically yarrow was used as a wound healer in the military, leading to 

common names such as bloodwort, staunchweed and soldiers’ woundwort (Chandler et 

al. 1982). It has also been used traditionally for digestive problems, abnormal 

menstruation, respiratory infections and skin conditions (Applequist and Moerman 

2011). It has been found to have analgesic, anti-inflammatory, strong antioxidative and 

mild antimicrobial properties (Chandler et al. 1982; Benedek and Kopp 2007; 

Applequist and Moerman 2011). Recently, yarrow has been found to contain an 

alkaloid, achilleine, that is an active hemostatic (stops bleeding). It is now used in many 

pharmaceuticals (Benedek and Kopp 2007) due to its varied health effects. It is mainly 

grown for its essential oils; however, it has been used as a substitute for 
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cinnamon/nutmeg and for hops when brewing beer (Chandler et al. 1982). Its flowers 

are commonly used in many tea mixtures and have been reported to lighten hair 

(Chandler et al. 1982). It also has the ability to inhibit the germination of seeds and act 

as a mosquito larvicide (Saeidnia et al. 2011).  

Salad greens  

Lettuce (Lactuca sativa) and escarole (Cichorium endivia) are both members of 

the Family Asteraceae. They are common popular annual plants grown worldwide. The 

typical varieties of lettuce include loose leaf, romaine/cos, iceberg and bibb. Both 

lettuce and escarole are cool season crops that will bolt (flower) at high temperatures 

(25-28°C) (Licamele 2009) which is undesirable. Phosphorus contents typically range 

from 4 to 8 mg/g dry weight for both species (Maynard et al. 2000) or 5.78 mg·g-1 and 

4.51 mg·g-1 dry weight for lettuce and escarole, respectively (USDA 2015). 

Salad greens are fast growing crops and can be harvested repeatedly beginning at 

approximately five weeks, under optimal conditions, allowing for fast revenue (Llorach 

et al. 2008). Lettuce is a popular leaf vegetable, typically consumed raw in salads and 

sandwiches, with low caloric value but high content of antioxidants, vitamins E and C 

and dietary fiber (Oh et al. 2009). The seeds contain vitamin E and can be used as a 

source of cooking oil (De Vries 1997). Escarole is more popular in Europe where it is 

grown for its leaves and root. The leaves can be consumed raw or cooked and are a 

source of folate, vitamins A and C, iron, magnesium, potassium, thiamin and riboflavin 

(Innvista 2016). The roots of large-rooted varieties can be dried and roasted then used as 

a caffeine-free coffee substitute (Innvista 2016). 
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German Chamomile 

Matricaria chamomilla (Family Asteraceae) is an annual native to eastern and 

southern Europe that is cultivated worldwide. It is relatively hardy, able to withstand 

temperatures ranging from 2 to 20°C and has been grown successfully on nutrient-poor, 

alkaline soils (Singh et al. 2011). No information on the expected phosphorus content 

was found.  

Chamomile has been used for thousands of years for the therapeutic, nutritional 

and cosmetic properties of its flowers and essential oils (Singh et al. 2011).  The 

essential oils are typically used pharmaceutically, but are also used in cosmetics, 

perfumes and aromatherapy (Singh et al. 2011). Medicinally, chamomile is used for its 

anti-inflammatory, antiseptic and antispasmodic properties (Singh et al. 2011). 

Internally, it can be used for the treatment of coughs and colds, upset stomachs, colic, 

insomnia, muscle spasms, gout, gastrointestinal disorders, as an aid for digestion, and 

can be very effective for the treatment of inflammation of the urinary tract and 

menstrual pain (Srivastava et al. 2010; Singh et al. 2011). Externally, it is used to heal 

wounds, infections, shingles and hemorrhoids (Singh et al. 2011; Srivastava et al. 2010). 

Chamomile tea is an extremely popular herbal tea in which the dried flowers are used 

directly or mixed with other herbs (Srivastava et al. 2010). The dried flowers are also 

added to creams, lotions (Singh et al. 2011).   

Discussion 

The selected plants cover a diverse range in terms of taxonomy, use and life 

form: edibles (chive, nasturtium, kale, watercress, chard, salicornia, spinach, mint, 
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escarole and lettuce), ornamentals (nasturtium, pinks, yarrow, and chamomile) and 

medicinal (yarrow and chamomile). They include seven families, both dicot 

(Asteracaeae, Amaranthaceae, Brassicaceae, Caryophyllaceae, Tropaeolaceae, and 

Lamiaceae) and monocot (Amaryllidaceae), as well as both annuals and perennials. 

Most are sensitive or moderately sensitive to salinity (0-2700 µS·cm-1); however, chard 

is moderately saline tolerant (2700-6400 µS·cm-1) and salicornia is a halophyte able to 

withstand full strength sea water (Gjesteland 2013).  

The predominant family is the Asteraceae with four (yarrow, lettuce, escarole 

and chamomile) of the 13 taxa selected. Asteraceae can be annual, biennial or perennial 

and typically have a tap root; however, fibrous roots also occur. Next is the 

Amaranthaceae, comprising three of the selected cultivars (chard, salicornia and 

spinach). Amaranthaceae can be annual or perennial and typically herbaceous, but some 

are succulent. Two of the selected plants (kale and watercress) are from the 

Brassicaceae, a typically cold-hardy group of annuals, biennials or perennials. The final 

four families only have one member each. Caryophyllaceae (garden pinks) are annual, 

biennial or perennial with many members in northern temperate climates. Tropaeolaceae 

(nasturtium) constitutes a small family of annual, herbaceous plants that are often 

trailing; they are closely related to the Brassicaceae. Amaryllidaceae (chive) is a family 

of perennial, herbaceous and often bulbous plants. Lamiaceae (mint) are annual or 

perennial, frequently aromatic, primarily used as culinary herbs (Flora of North America 

Editoral Committee 1993+).  

There are advantages and disadvantages to the two lifecycles represented. 

Annuals grow for one season and survive unfavourable conditions (i.e. winter) as seeds. 
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Once good environmental conditions resume the seeds germinate and the plant will 

grow rapidly. Annuals are generally adapted for rapid vegetative growth, resulting in 

quick production of marketable biomass; however, they must be grown from seeds each 

year. In contrast, perennials grow more slowly, over several years, often flowering 

repeatedly and persisting through unfavourable conditions via dormancy. The storage 

structures (i.e. bulb, rhizome, corm) used for perennation can also be used for vegetative 

propagation, avoiding the vulnerable (and often expensive) seedling stage.  

This list is not exhaustive, other plant cultivars may be candidates for temperate 

FIMTA systems. Many aquaponics studies focus on growth characteristics of one or two 

plant species e.g., basil (Rackocy et al. 2003), tomato (McMurty et al. 1997), lettuce 

(Gjesteland 2013, Licamele 2009, Seawright et al. 1998). Relatively few studies have 

tested a variety of plants (Porter et al. 2008; Savidov 2005). In addition, many of the 

studies use tilapia, a fish species that is cultured with warm-water temperatures that are 

also optimal for many plant species. In contrast, the variety of plants tested in this study 

using relatively low temperatures, optimal for salmon, will hopefully aid in the adoption 

of FIMTA technology for commercial salmon farms by providing a broad overview of 

potential plant species.  
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Tables 

Table 1: Plants selected for this study. Nomenclature follows Linear Angiosperm 

Phylogeny Group (LAPG) III (Haston et al. 2009) and Flora of North America 

North of Mexico (Flora of North America Editoral Committee 1993+). Phosphorus 

content data are presented on a dry weight basis (USDA 2015). (nd - no data) 

 

Plant name                    Taxon  Family mg P·g-1 
Chives Allium schoenoprasum Amaryllidaceae 6.20 
Nasturtium Tropaeolum majus Tropaeolaceae nd 
Kale Brassicia oleracea var. 

acephala 
Brassicaceae 5.76 

Watercress Nasturtium officinale Brassicaceae 12.27 
Pinks Dianthus x hybrid Caryophyllaceae nd 
Chard Beta vulgaris subsp. cicla  Amaranthaceae 6.27 
Salicornia Salicornia europaea Amaranthaceae nd 
Spinach Spinacia oleracea Amaranthaceae 5.70 
Mint Mentha sp. Lamiaceae 4.15 
Yarrow Achillea millefolium Asteraceae nd 
Escarole Cichorium endivia Asteraceae 4.51 
Leaf lettuce Lactuca sativa Asteraceae 5.78 
Chamomile Matricaria chamomilla Asteraceae nd 
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Chapter 3: Biochar from integrated multi-trophic aquaculture (IMTA) -grown 

kelps as a substrate for seedling production and for use in a freshwater integrated 

multi-trophic aquaculture (FIMTA)/aquaponic system developed for commercial 

Atlantic salmon, Salmo salar, hatcheries.   

 

Abstract 

Biochar, a stable form of carbon produced from the pyrolysis of organic 

material, has potential to be used as a substrate in freshwater integrated multi-trophic 

aquaculture (FIMTA)/aquaponic systems. The biochar in this study was produced from 

kelps grown at a marine integrated multi-trophic aquaculture (IMTA) site. The kelp 

biochar was tested as a substrate for seed germination of 11 taxa. Germination occurred 

only in the kelp biochar that was thoroughly rinsed (soaking and draining) in distilled 

water to remove an inhibitory salt content, with maximal effect after six sequential 

rinses, to remove an inhibitory salt content. Seedlings produced with the well-rinsed 

biochar were tested in a pilot scale aquaponics/ (FIMTA) system using two common 

aquaponic techniques: the floating raft and the media-filled bed (containing biochar as 

the medium) over two trials. Effluent from a commercial Atlantic salmon hatchery was 

used as the nutrient source. Many of the plants grown in the floating raft gained 

marketable biomass, however plant growth in the media-filled bed was stunted and 

many plants perished. The biochar can provide a suitable substrate in the floating raft, 

but not in the media-filled beds presumably due to the low inter-particle space of the 
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biochar, which contributes to both high water retention and poor aeration in the root 

zone.  

Introduction 

Integrated multi-trophic aquaculture 

With concerns over environmental issues and sustainability of aquaculture, 

which is an important and increasing source of food (FAO 2014), integrated multi-

trophic aquaculture (IMTA) has been proposed as a possible solution. By farming 

carefully chosen species at different trophic levels and transforming waste into 

marketable biomass (Chopin et al. 2013), it is possible to have multiple harvests and 

multiple revenue streams through the year. It also adds biological diversity, which is 

important in maintaining long term stability (MacKay 1983) and reducing risk of pests 

and disease that are common in monoculture farming practices. Currently IMTA is 

being applied to finfish (e.g. Atlantic salmon, Salmo salar Linnaeus, 1758) marine open 

net pens on the east Coast of Canada with extractive species including Blue mussels 

(Mytilus edulis Linnaeus, 1758) and kelps (Saccharina latissima (Linnaeus) Lane, 

Mayes, Druehl and Saunders and Alaria esculenta (Linnaeus) Greville).  

Aquaponics, a form of freshwater integrated multi-trophic aquaculture (FIMTA), 

integrates animal aquaculture and plant culture with the use of microbes that convert the 

wastes into nutrients for the plants (Goddek et al. 2015; Rakocy et al. 2006). It can 

potentially be added to salmon hatcheries (Khoda Bakhsh et al. 2015), which are used to 

produce salmon smolts (young salmon that are ready for transfer to sea cages) in 

freshwater. This integration could allow for the production of salmon that are grown 
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using IMTA from “egg-to-plate” (i.e. FIMTA at the hatchery phase and IMTA at the 

marine phase of salmon culture) while decreasing environmental impacts of the industry 

by reducing wastes.  

The media-filled and floating raft techniques, horticultural techniques that have 

been adapted for use in aquaponics, are popular in commercial or semi-commercial 

operations (Love et al. 2015). For full descriptions, see Chapter 1.  

Biochar 

Biochar, a stable form of carbon, is produced from pyrolysis of organic material 

(i.e. burned in a low or no oxygen environment), which also produces bio-oil and/or 

syngas (Laird 2008). Its suitability as a soil ameliorant (biochar) or charcoal depends on 

both production methods (i.e. temperature, duration, amount of oxygen) and feedstock 

(organic material used).  

Biochar has several environmental and practical advantages. Its long term 

stability can slow the rate at which photosynthetically fixed carbon is returned to the 

atmosphere (Woolf et al. 2010), potentially reducing the impacts of climate change. It is 

useful as a substrate for FIMTA/aquaponics because it is stable in wet environments, 

provides pH stability, high cation exchange capacity, is light weight (Nichols et al. 

2010) and can induce systemic resistance to disease  in plants (Elad et al. 2010). For full 

details on its qualities and uses, see Chapter 1.   

Biochar characteristics that affect seed germination vary with the material that is 

charred (feedstock) and production methods, so it should be tested prior to use 

(Solaiman et al. 2012). The biochar used in this study was produced from the kelp 

species, Saccharina latissima, grown as algal feedstock in an IMTA operation. The kelp 
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was certified organic (Canadian Organic Aquaculture Standards), locally grown and 

locally pyrolysed. This can be seen as an environmentally responsible alternative to 

other substrates/medias that are produced from non-renewable resources (i.e. rock wool) 

or are not produced locally (i.e. coconut coir).  

The purpose of this experiment was to test the potential for IMTA kelp biochar 

as a substrate/medium for plant culture in a two steps:   

1. germination and production of seedlings, 

2. plant growth in both media-filled bed and floating raft techniques, using 

effluent collected from a commercial salmon hatchery.  

Ultimately, an additional study will follow to determine the nitrogen and phosphorus 

contents of each taxa grown, with separation of the aerial and root biomass, as these can 

differ in their contents and only the aerial biomass is typically marketable. This work is 

intended to contribute to the development of FIMTA/aquaponics for commercial salmon 

production. 

Materials and Methods 

Kelp biochar production 

Kelps were harvested from long lines from an IMTA site operated by Cooke 

Aquaculture Inc. in the Bay of Fundy, Canada. They were oven-dried prior to storage. 

Pyrolysis of the kelps was performed at Bioenergy Inc., in Cape Breton, Nova Scotia, 

Canada. All trials were undertaken at the University of New Brunswick, Saint John 

campus, unless otherwise noted. 
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Germination test preparation 

To minimize the potential for reduced oxygen availability associated with water-

logging, the biochar was initially screened with a size 5 screen (4 mm sieve size) 

(Hubbard Scientific Co., Chippewa Falls), and smaller particles discarded. For all 

germination trials, net pots were filled with 25-30 g of dampened biochar into which 

two plant seeds were pressed. The temperature was maintained at 18-20°C and moisture 

was provided from above with distilled water, twice daily, from a hand-held watering 

can. Light, with T5 fluorescent lighting at 6500 Kelvin, (Sunleaves Garden Products 

Pioneer IV Grow, Bloomington), provided an irradiance of 300-500 µmol 

photons·mˉ²·sˉ¹ measured with a Photosynthetically Active Radiation (PAR) meter (LI-

250A lightmeter, LI-COR, Lincoln). Photoperiod was set to a ratio of 16:8 hours 

light/dark regime. Germination was counted per net pot after two weeks. Three 

successively refined germination trials were performed between April and July, 2014.   

Germination trial 1  

Net pots each were seeded with chives (Allium schoenoprasum), kale (Brassica 

oleracea var. acephala), watercress (Nasturtium officinale), chard (Beta vulgaris subsp. 

cicla), spinach (Spinacia oleracea) and leaf lettuce (Lactuca sativa). Additional plant 

information can be found in Appendix 1. As a control, fifty net pots for each species 

were also prepared with coconut coir that was rinsed once with distilled water and 

maintained under the same temperature and light conditions (n = (6 species + control) x 

50 pots). Placement of biochar and coir net pots under the lights was randomized.  
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Germination trial 2 

Salts were removed from biochar by four successive rinses, each consisting of 

submergence in distilled water for 24 hours, and then draining by gravity. Plant species 

and sample sizes were as above. 

Germination trial 3 

A series of rinses were used, and the rinse water was tested for electrical 

conductivity (EC), pH and ammonia (NH4 mg·L-1) with a handheld YSI meter (YSI 

Professional Plus, Yellow Springs). For each rinse, biochar was flooded with distilled 

water for 24 hours then drained; this was repeated 6, 8 and 10 times. Coir, rinsed once in 

distilled water, was used as a control. The plant species for this trial were chard, leaf 

lettuce, escarole (Cichorium endivia var. crispum), and kale; additional plant 

information can be found in Appendix 1 (n = (4 species + control) x 10 pots).    

Seedling production for salmon aquaponics 

The production of seedlings for both the media-filled bed and the floating raft 

techniques used biochar that was rinsed 6 times, or until the rinse water produced an EC 

< 1500 µS·cmˉ¹. Net pots were filled with 25-30 g of well-rinsed biochar into which two 

seeds of the selected single plant species were pressed. A 16:8 light/dark photoperiod 

was provided by fluorescent lighting (T5, 6500 K) with irradiance set to 300-500 µmol 

photons·mˉ²·sˉ¹. Seedlings were grown for four weeks, moistened with distilled water 

for the first two weeks (twice daily) and then provided with effluent (once daily) for the 

last two weeks. Temperature was maintained at 18°C for the first three weeks, and then 

slowly dropped to 14°C over the last week to acclimate the seedlings for use in salmon 

aquaponics trials.   
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Biochar in media-filled beds with salmon aquaponics 

Four plastic bins (54 cm x 38 cm x 20 cm), with a screened central bottom drain, 

were used as grow-beds. Light was provided by fluorescent lighting (T5, 6500 K) and 

irradiance set to 200-300 µmol photons·mˉ²·sˉ¹ with a 16:8 light/dark photoperiod. Each 

bin was filled with 10 L of biochar rinsed 6 times. Three seedlings each of three plant 

taxa were randomly placed into each bin and fed with effluent. The room was chilled to 

13-15⁰C to mimic salmon hatchery conditions. Plants were kept in their net pots, placed 

in the biochar within the media-filled beds, and grown for six weeks. At harvest, plant 

roots were separated from the aerial portion (stem and leaves), and biochar was carefully 

removed from the roots. Both portions were recorded for wet weight, then oven dried at 

60°C for 48 hours or until a constant dry weight was achieved.    

Two successively refined trials were performed between July 2014 and March 

2015. For the first, the plant species used were chard, lettuce and salicornia (Salicornia 

europaea). Salicornia was collected in the wild with a similar initial wet biomass going 

into each bin (n = 3 species x 3 pots). Each bin received 100 ml of effluent twice daily. 

The second trial used yarrow (Achillea millefolium), lettuce, and nasturtium 

(Tropaeolum majus) (n = 3 species x 3 pots); additional plant information can be found 

in Appendix 1. Each bin received 600 ml of effluent every three days. For both trials, 

8400ml of effluent was provided over the six weeks. 
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Biochar used in the floating raft with salmon aquaponics 

Three fiberglass tanks (1.2 m x 2.4 m x 0.3 m) were used as grow-beds. Oxygen 

was provided with an air compressor through multiple air stones in each grow-bed to 

produce an oxygen concentration of 5 mg·Lˉ¹, measured with a YSI meter. The floating 

rafts consisted of 2 adjacent extruded polystyrene sheets (1.2 m x 1.2 m each). Each raft 

had 36 – 5.08 cm (2’’) holes for net pots for a total of 71 net pots per grow-bed, plus one 

hole for the standpipe. The room was chilled to 13-15°C and tanks were initially filled 

to a depth of 10 cm with effluent. Four-week-old seedlings were randomly placed in the 

rafts with twelve plants of each species per grow-bed (due to the stand pipe, one species 

had 11 individuals per grow-bed), and grown for six weeks. Effluent was added daily at 

a rate of 0.05 L·hourˉ¹ increasing over the six weeks to 0.5 L·hourˉ¹, to maintain nutrient 

levels. At harvest, plant roots and aerial parts were separated, cleaned of biochar and 

wet and dry weights determined as above.    

Trial 1 used: kale, chard, chives, lettuce, escarole, and salicornia. Both chives 

and salicornia were collected locally, thoroughly cleaned and sorted for uniform initial 

biomass across the three grow-beds (n = 6 species x 12 pots). 

Trial 2 used: lettuce, nasturtium, yarrow, pinks (Dianthus x hybrid), mint 

(Mentha sp.) and German chamomile (Matricaria chamomilla) (Appendix 1). Stem 

cuttings of mint purchased at a local market were placed directly into the biochar filled 

net pots in the floating rafts (n = 6 species x 12 pots).     
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Results 

Germination trials 

No seeds germinated in the unrinsed biochar. This was attributed to salt in the 

biochar, which was seen to crystallize on the biochar surface. After rinsing the biochar 

four times (germination trial 2) germination ranged from 34% (spinach) to 70% (chard). 

When the biochar was rinsed 6, 8, and 10 times, germination occurred in all net pots for 

all taxa (Fig. 2), indicating the concentration of salt was reduced below a critical level. 

Electrical conductivity and ammonia levels lowered quickly with the subsequent rinses; 

however, the pH remained high (Fig. 1). Percent germination success with the coconut 

coir control over both trials (Table 2) ranged from 78% (spinach, lettuce) to 82% 

(watercress, kale).  

Biochar in media-filled beds with salmon aquaponics 

Plants grown in the media-filled beds were stunted and some individuals 

perished (Table 3). Percent survivals in trial 1 were 100% (chard and lettuce) and 50% 

(salicornia), and trial 2 were 92% (lettuce), 58% (yarrow) and 25% (nasturtium). The 

first trial watered the grow-beds twice daily with effluent; however, only a small amount 

(< 200ml·week-1) of effluent drained out of the grow-beds. Presumably the density of 

kelp biochar (i.e. low inter-particle space) prevented drainage and reduced oxygen 

availability. In the second trial, watering was reduced to three day intervals to increase 

aeration of the root zone; however, poor plant growth reoccurred (Table 3). Lettuce, 

popular in aquaponics studies, was used as a standard and was grown in both trials using 

the media-filled bed technique; it showed no significant difference between trials (p = 

0.2930 for 2-tailed t-test, equal variances).      
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Biochar in the floating rafts with salmon aquaponics 

Biochar as a media/substrate in the floating raft technique had greater plant 

survival and growth, as measured by dry weights (Table 3) than in the media-filled beds. 

In trial one, four (lettuce, escarole, chard and chive) of six plant species had 100% 

survival; salicornia and kale had 83% and 45% survival, respectively.  In trial 2 survival 

was 100% for five (nasturtium, yarrow, lettuce, chamomile and mint) out of six  species, 

and 81%  for pinks The most productive species (dry weight) from both trials was 

nasturtium, with yarrow a close second; kale was the least productive (Table 3). Growth 

of lettuce was consistent across both trials (p = 0.1054, 2-tailed t-test equal variances).  

Discussion 

Unrinsed biochar produced by pyrolysis of IMTA grown kelps was initially 

unsuitable for seed germination, presumably due to high salt content. Preparation by 

rinsing with distilled water, approximately six times or until electrical conductivity was 

below 1500 µS·cmˉ¹, increased its suitability as a seedling substrate. In these 

germination trials, 8 cultivars germinated on the well-rinsed biochar: nasturtium, kale, 

pinks, chard, yarrow, chamomile, lettuce, and escarole. The prepared biochar was more 

suitable as a substrate in the floating raft; in the media-filled beds, lower survival/growth 

was attributed to saturation due to high density (i.e. small inter-particle space).   

Suitability of a substrate for germination and seedling production is dependent 

on its physical and chemical properties. Initially the kelp biochar had a very high salt 

concentration that was removed by rinsing in distilled water. The electrical conductivity 

(EC) of the biochar rinse water in this study, after four sequential rinses, was 15289 
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µS·cm-1, which is within the range tolerated by saline tolerant plants (6400-23700 

µS·cm-1, Gjesteland 2013). It is therefore not surprising that chard, a saline tolerant 

vegetable with an upper EC tolerance of 17500 µS·cm-1 (Shannon and Grieve 1998), had 

the best germination success (70%) in the biochar rinsed four times (Table 2). In 

contrast, the marine algal biochar of Bird et al. (2012), with an electrical conductivity of 

297 µS·cm-1, did not have a negative effect on plant growth and did not require rinsing. 

This could be due to differences in algal species charred, culture environment or 

conditions of biochar production (i.e. pyrolysis temperature and duration).  

The seedlings produced in well-rinsed biochar were then used in a pilot scale 

aquaponics system designed for commercial salmon, i.e. using effluent collected from a 

commercial salmon hatchery and temperatures (13-15°C) optimal for salmon. The well-

rinsed IMTA kelp biochar supported biomass gain in the floating raft technique, but not 

the media-filled bed. In the latter, the substrate was clearly saturated, presumably due to 

the small inter-particle space preventing aeration of the root zone.  

Other characteristics of kelp biochar could also have had negative impacts. For 

example, biochar pH (9.76 – 10.71) was much higher than optimal for most land plants: 

pH >7.5 can negatively affect nutrient availability for plants, reducing growth and 

producing stunted plants (Charman & Murphy 2007). Presumably biochar with a more 

suitable pH can be produced, e.g. by changing production methods. For example, Bird et 

al. (2012) produced biochar with a pH of 6.1, using marine algal species and 

commercial pyrolysis (rather than in the lab). Apparently pH did not affect the levels of 

extractable inorganic nutrients including nitrogen, potassium, phosphorus, calcium and 

magnesium (Bird et al. 2011; Bird et al. 2012). Growth could also be limited by 
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deleterious compounds (e.g. dioxin, polyaromatic hydrocarbons, heavy metals) that 

could be present in biochars (Solaiman et al. 2012). Any negative impacts of biochar 

could be reduced by using techniques with smaller amounts of biochar, e.g. floating 

rafts. Further testing of extractable compounds (i.e. both plant nutrients and heavy 

metals) from the IMTA kelp biochar is recommended.    

The IMTA grown kelps from the Bay of Fundy, Canada, have been used in other 

applications including human consumption, cosmetics and as a partial feed substitute in 

fish feed (Chopin 2015). Their use as biochar in a FIMTA system is novel. Using 

photosynthetic organisms in conjunction with fed fish aquaculture, in both marine and 

freshwater aquaculture, is one method to recover nutrients that may otherwise lead to 

eutrophication. Moreover, the biochar was locally produced with locally grown IMTA 

kelp.  

In conclusion, well-rinsed biochar (rinsed six times) produced from IMTA 

grown kelps can be a suitable substrate for seed germination, seedling production, and in 

a freshwater integrated multi-trophic aquaculture system using the floating raft 

technique. It was not suitable as a substrate in the media-filled bed technique, 

presumably due to poor drainage and hence low aeration resulting from particle density, 

possibly exacerbated by high pH.  
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Tables 

Table 2: Percent seed germination of species, using IMTA kelp biochar as the 

substrate, rinsed four times; and the control, coconut coir. Species described in 

Appendix 1.  

 

Biochar Control 
Chive 42 Chive 80 
Watercress 36 Watercress 82 
Chard 70 Chard 82 
Spinach 34 Spinach 78 
Kale 44 Kale 82 
Lettuce 54 Lettuce 78 

 

 

Table 3: Mean dry weights ( + SD) of plants grown using media-filled bed (top) and 

floating raft (bottom) techniques, with IMTA kelp biochar as the substrate, in a 

pilot scale aquaponics system at 13-15°C with effluent collected from a commercial 

Atlantic salmon, Salmo salar, hatchery. Species described in Appendix 1. 

Trial 1 Trial 2 
Chard 0.46 ± 0.13 Nasturtium 0.41 ± 0.23 
Lettuce 0.28 ± 0.09 Lettuce 0.33 ± 0.13 
Salicornia 0.23 ± 0.07 Yarrow 0.19 ± 0.09 
Lettuce 2.20 ±  1.16 Nasturtium 5.50 ±  3.68 
Escarole 1.18 ±  1.14 Yarrow 3.20 ±  1.60 
Chard 1.74 ± 1.42 Lettuce 2.75 ±  1.32 
Salicornia 0.45 ± 0.33 Chamomile 1.53 ±  0.97 
Chive 0.23 ± 0.11 Mint 1.09 ±  0.38 
Kale 0.01 ± 0.02 Pinks 0.06 ±  0.07 
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Figures 

 

Figure 1: Characteristics of kelp biochar rinse water after successive rinses. 

Electrical conductivity (EC), pH and ammonium (NH4+) concentration (mean ± 

SD) measured with a YSI meter.  
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Figure 2: Seedlings of chard (Beta vulgaris subsp. cicla) at 4 weeks, grown in IMTA 

kelp biochar rinsed 10, 8 and 6 successive times (left to right) with no 

distinguishable differences among rinses.   
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Chapter 4: Change in nutrients and plant growth analysis in a pilot scale 

freshwater integrated multi-trophic aquaculture (FIMTA)/aquaponic system 

developed for commercial salmon hatcheries. 

Abstract 

Adding freshwater integrated multi-trophic aquaculture (FIMTA) or aquaponics 

to salmon hatcheries can aid in the sustainability of the industry by recapturing and 

reusing waste products produced from fed finfish culture, by lower trophic organisms of 

commercial value. A pilot scale FIMTA system was developed to test the growth and 

nutrient (total nitrogen and total phosphorus) removing capabilities of 11 plant taxa from 

sludge waste effluent collected from a local commercial Atlantic salmon (Salmo salar) 

hatchery at temperatures experienced during salmon culture (13-15°C), over two, six-

week trials. Plant nutrient accumulation ranked in descending order; nasturtium, yarrow, 

lettuce, escarole, chamomile, chard, mint, chive, salicornia, pinks, kale; the latter three 

were determined to be unsuccessful in this system due to relatively lower performance. 

From 1641 L and 1338 L effluent water (trials 1 and 2, respectively), plant phosphorus 

contents averaged 3.02 g (9%) and 5.78 g (92%); that of nitrogen 10.91 g (68%) and 

25.72 g (90%). For these trials, effluent concentrations of total nitrogen consistently 

decreased (by 88% and 92%); however, total phosphorus concentrations showed more 

variable results (increased by 41% and decreased by 88%, respectively). Inconsistencies 

in nutrient removal between trials are attributed to physiochemical differences in 

effluents between collections and differences in plant performance. Incorporating 

FIMTA can aid in the reduction of nutrients from effluent from commercial salmon 
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hatcheries, potentially reducing environmental impacts while producing marketable 

plant biomass.  

Introduction 

A variety of issues associated with Atlantic salmon hatcheries could be 

ameliorated using aquaponics, a form of freshwater integrated multi-trophic aquaculture 

(FIMTA), that integrates animal aquaculture with horticulture (plant culture) (Rakocy et 

al. 2006). Nitrogen and phosphorus, the primary wastes produced from fed fish 

aquaculture (i.e. salmon) (van Rijn 2013), are major plant macronutrients. Within 

hatchery cultivation water, ammonia nitrogen is readily oxidized into nitrite-N and then 

(relatively non-toxic) nitrate-N by biofilters containing nitrifying bacteria (Tyson et al. 

2011). Unfortunately, effluent phosphorus treatment and removal processes are less 

efficient and more expensive than nitrogen removal processes (Adler et al. 2000). 

However, nutrients (fish wastes) in aquaponics can also be removed by plants, either by 

direct absorption or after mineralization by microbes. This integration both converts fish 

wastes into sellable plant crops and cleans the water for reuse or safer environmental 

discharge. Emphasis should be placed on incorporating FIMTA for the removal of 

phosphorus because it is most difficult/expensive to extract, and causes the greatest 

ecological challenges; as the limiting plant nutrient in many natural systems, its 

discharge can lead to algal overgrowth and eutrophication.  

Successful aquaponics must accommodate a wide range of factors, including the 

requirements of the species grown and the full range of ecological conditions. While  

aquaponics has predominately been focused on warm water fish species (particularly 
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tilapia; Love et al. 2015), this study focuses on developing aquaponics for the 

freshwater phase of salmon culture, a temperate cold water species. Cold tolerant plant 

species of commercial value were evaluated in Chapter 2. Other system components that 

require consideration are the associated microbial community, both biofilter microbes 

and associated rhizosphere microbes. These microbes could be considered to be the 

most important part of an aquaponics system because they breakdown/mineralize 

organic wastes produced by the fish into inorganic nutrients that can be absorbed by the 

plants. Moreover, these rhizosphere microbes may also prevent plant root pathogens and 

promote rapid plant growth (Rakocy et al. 2006). According to previous research in 

mature systems, growth rates of leafy greens in aquaponics can be equal to, or greater 

than, in hydroponics and also greater than those in traditional field grown systems 

(Nichols and Savidov 2012).    

Incorporating FIMTA with salmon hatcheries can allow for locally grown plant 

produce year round in temperate areas where salmon is a popular farmed fish (e.g. 

Canada, Norway, Chile, Scotland, and New Zealand). With continuous improvements in 

greenhouse and lighting technologies, FIMTA can extend the plant growing season for 

marketable produce in these temperate areas. Additionally, aquaponically grown 

produce (e.g. lettuce) has been shown to be safe for human consumption when good 

agricultural practices are used (Fox et al., 2012; Pantanella, 2012).           

This experiment evaluated the ability of candidate plant taxa to remove 

phosphorus and nitrogen from sludge effluent (containing fish waste solids) collected 

from a commercial salmon hatchery. This was done in a pilot scale aquaponics system 

using the floating raft technique (described in Chapter 1), at optimal temperatures for 
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growing salmon (13-15°C). The sole nutrient source for the plants was the sludge 

effluent. Plant performance was measured as plant growth (relevant for marketability) 

and nutrient-removing capability (relevant for environmental impact), the latter based on 

changes in nutrient content in the system water and accumulation in the plant tissues.  

Materials and Methods 

Experimental aquaponic system 

Three fiberglass tanks (1.2 m x 2.4 m x 0.3 m) were used as grow-beds. The 

floating rafts consisted of two adjacent extruded polystyrene sheets (1.2 m x 1.2 m 

each). Each raft had 36 – 5.08 cm (2’’) holes for net pots for a total of 71 holes for net 

pots per grow-bed, plus one hole for the standpipe. A maximal water depth of 20 cm for 

each grow-bed was obtained by the height of the stand pipe. A chiller maintained a 

constant temperature of 13-15°C in the room to simulate salmon hatchery conditions. A 

16:8 light /dark photoperiod was provided by T5 fluorescent lighting at 6500 K, 

(Sunleaves Garden Products Pioneer IV Grow, Bloomington) with irradiance set to 200-

300 µmol photons·mˉ²·sˉ¹ measured with a Photosynthetically Active Radiation (PAR) 

meter (LI-250A lightmeter, LI-COR, Lincoln). The header tanks holding the collected 

effluent, consisted of two 370 liter containers (1.23 m x 0.72 m x 0.81 m), connected by 

a hose to allow mixing, that were elevated to allow gravity feed to the grow-beds. The 

grow-beds were initially filled with effluent to a depth of 10 cm; over the six week 

growth period, effluent was added to each grow-bed with an initial rate of 0.05 L·hourˉ¹, 

which increased to 0.25 L·hourˉ¹ by the end of the six week growth period to maintain 

nutrient levels. No effluent exited the grow-beds during the six week experiment 
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allowing for complete accountability of the nutrients measured. Oxygen was provided 

with an air compressor through multiple air stones in each grow-bed as well as in the 

header tanks, to produce an oxygen concentration of 5 mg·Lˉ¹, measured with a 

handheld YSI meter (YSI Professional Plus, Yellow Springs). 

Four-week-old seedlings were produced in the laboratory prior to the 

experiments using IMTA kelp biochar as the net pot substrate (described Chapter 3). 

Twelve plants of each taxon were randomly placed in each grow-bed; due to the stand 

pipe one species had 11 per grow-bed. Plants were grown in the floating rafts for six 

weeks. 

Effluent collection 

Effluent collection occurred at Buckmans Creek, a local commercial Atlantic 

salmon hatchery operated by Cooke Aquaculture Inc. The hatchery is a recirculating 

aquaculture system that has a potential production of 1,000,000 smolts annually. For 

both trials the effluent was pumped from the effluent pit into holding tanks and trucked 

to the laboratory, where it was pumped into the header tanks of the aquaponic system. 

The effluent pit is an accessible underground holding tank where fish waste solids are 

collected after filtration from the various fish rearing tanks before further treatment. 

Effluent collection occurred twice for each trial: the first to water the seedlings two 

weeks prior to transplant (Chapter 3) and to fill the grow-beds, the second to fill the 

header tanks that maintain the grow-beds over the two six-week trials. Effluent for the 

first trial was collected on July 30th and August 14th, 2014. For the second trial, the 

effluent was collected on January 14th and 29th, 2015.   
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Plant measurements 

Individual plant height was measured weekly with a ruler from the substrate to 

the top of the tallest leaf. At harvest, the end of week 6, each plant was removed from its 

net pot and cut at the root /stem interface. Wet weight of the aerial portion was 

determined. Substrate was carefully removed as much as possible from the belowground 

portion (roots) using water from its grow-bed. The below ground portion was blotted dry 

and wet weight determined. The aerial and belowground portions were oven dried 

separately at 60° C for 48 hours, or until a constant dry weight was achieved.   

Effluent nutrient data collection 

Effluent nutrient change and distribution was determined weekly from three separate 

locations within each grow-bed. Header tank effluent was sampled individually (each 

tank separately) and as a mixed sample from the two header tanks. Effluent samples 

were analyzed for total phosphorus (mg·Lˉ¹), total Kjeldahl nitrogen (mg·Lˉ¹), nitrite 

(mg·Lˉ¹), and nitrate (mg·Lˉ¹) using test kits (Hach Co., Loveland): phosphorus (total 

and reactive) TNT (Test ‘N’ Tube) plus (TNT 843 and 844), nitrogen (total) TNT plus 

(TNT 826 and 827), nitrate TNT plus (TNT 835) and nitrite (NitriVer 3 nitrite). 

Temperature (°C), dissolved oxygen (mg·Lˉ¹), pH, electrical conductivity (µS·cmˉ¹), 

and ammonia (mg·Lˉ¹) were measured weekly in situ with a handheld YSI meter (YSI 

Professional Plus, Yellow Springs). Tank effluent depths were measured weekly at the 

stand pipe in each grow-bed and in each header tank; effluent volumes were calculated. 

Total system nutrient removal for total nitrogen, total phosphorus, ammonia and nitrate 

was determined as follows: 
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1. Total nutrient content of each unit (mg): average nutrient concentration (mg·Lˉ¹) 

from each grow-bed and each header tank x respective tank volume (L).  

2. Total nutrient content for the whole system (three grow-beds and two header 

tanks): 1(above) summed for each week. 

3. Percent change in nutrient content of effluent: determined as the difference 

between the initial and final nutrient content, divided by initial content and 

multiplied by 100.    

Mean tank nutrient removal was determined as the difference between initial nutrient 

content plus the amount of nutrient fed during the week and the final nutrient amount.  

Plant tissue analysis 

Total phosphorus and total nitrogen aerial vs below ground portions were 

analyzed separately per tank. Due to low biomass of some taxa, individual plants were 

combined into a composite sample for tissue analyses. For phosphorus analyses, the 

samples were lightly ground (tissue size of approximately 0.5 cm) because samples that 

were ground too finely did not reach the bottom of the digestion tubes properly. 

Phosphorus content of tissue was performed using the ascorbic acid method of Murphy 

and Riley (1962) after acidic mineralization (H2SO4 and HNO3) in a Büchi 430 digester 

(Buchi Labortechnik, Flawil). Each composite sample was analyzed in triplicate, then 

averaged; when the standard deviation of triplicate samples differed by more than 2.0 

mg·gˉ¹, samples were retested and averaged. For total nitrogen analysis, samples were 

finely ground with a Retsch ball mixer (Retsch GmbH, Haan) then analyzed with a 

Perkin Elmer 2400 series II elemental analyzer (Perkin Elmer, Massachusetts). Samples 

were analyzed once due to the accuracy of the instrument (accuracy within 0.3%, 
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precision within 0.2%). Aerial and belowground nutrient contents of the samples were 

scaled up to determine net nutrient removal in the total plant biomass.    

Statistical analysis 

 Comparative analyses were performed using dry weights of aerial portions, 

which represent net production. Dry weights were compared among species, tanks, and 

their interaction using a two-way ANOVA; significant differences were followed by a 

Tukey HSD test where appropriate. A critical threshold of p < 0.05 was used for all. 

The assumptions of normality were tested with a Shapiro-Wilk test and a Q-Q 

plot. The assumption of equal variances was tested with a Fligner-Killen (when data 

deviated from normal distribution) or a Levene’s test (when data were normally 

distributed) and independence of data was obtained by separating data according to tank. 

If the assumption of equal variances was not met, data were transformed or ranked 

transformed (Conover and Iman 1981). Differences in the collected effluent 

characteristics were analyzed using T-Tests. Phosphorus and nitrogen tissue content 

(aerial portions only) were analyzed as an unreplicated randomized block design using a 

linear mixed model ANOVA with tank as a random variable and plant species as a fixed 

variable. If no significant differences between tanks were identified in the dry weight 

and tissue phosphorus/nitrogen content, tanks were pooled and reanalyzed with a one-

way ANOVA on species effect.  

All statistical analyses were performed in R (R Development Core Team, 

Vienna). Means and standard deviations were calculated using Excel 2010 (Microsoft, 

Richmond).  
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Plant species trial 1 

Based on the results of a preliminary trial (Appendices 1-2) six edible plant 

species were used: chive (Allium schoenoprasum), kale (Brassica oleracea var. 

acephala), chard (Beta vulgaris subsp. cicla), salicornia (Salicornia europaea), escarole 

(Cichorium endivia var. crispum) and lettuce (Lactuca sativa). Vegetative units of 

chives (cut to 10 cm) and salicornia were collected locally, thoroughly rinsed and an 

equal wet weight placed into each tank. All other plant species were cultivars grown 

from seeds purchased at Halifax Seed (Halifax Seed Company Inc., Halifax). Plants 

were placed into the rafts on August 21st, 2014.  

Plant species trial 2 

A mixture of 6 ornamental, medicinal and edible taxa, with only one (lettuce) in 

common with trial 1, were used: nasturtium (Tropaeolum majus), garden pinks 

(Dianthus x hybrid), mint (Mentha sp.), yarrow (Achillea millefolium), leaf lettuce 

(Lactuca sativa) and German chamomile (Matricaria chamomilla) (Appendix 1). Stem 

cuttings of mint, purchased at a local market, were placed directly in net pots in the 

floating rafts. The other plant species were grown from seed; yarrow, pinks and 

chamomile seeds were purchased from Ritcher’s Herb’s (Richter’s Herbs, Goodwood). 

Lettuce and nasturtium seeds were purchased at Halifax Seed. Plants were placed into 

the rafts on February 1st, 2015.   
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Results 

Plant measurements 

For trial 1, data were ranked transformed to obtain equal variances; a two-way 

ANOVA (plant, tank, tank x plant) indicated significant differences among plant species 

(df = 5, F = 46.22, p = 2e-16) and tank (df = 2, F = 5.60, p = 0.0043); however, there 

was no significant interaction (df = 10, F = 1.002, p = 0.4428). The difference between 

tanks one and three had no complex effect on species (Appendix 3). For trial 2, the dry 

weight data did not have a normal distribution (Shapiro-Wilks p = 7.69e-16, W = 

0.7992) but the variances were homogeneous (Fligner-Killeen p = 0.1288) so no 

transformation was required. There were no significant differences between tanks (p = 

0.298, F = 1.217, df = 2), nor interaction between species and tank (p = 0.74, F = 0.682, 

df = 10) (Appendix 4). Plant growth differed significantly by species (p = 2e-16, F = 

39.43, df = 5). Overall (i.e. both trials), survivorship was high in 8 of the 12 taxa (Table 

4). Nasturtium ranked highest in vertical growth and biomass gain, with yarrow and 

lettuce also growing well, but significantly less than nasturtium. Salicornia, chive, pinks 

and kale had the lowest survival, vertical growth and biomass gain. 

Water testing  

Four of the five effluent characteristics differed between collections 1 and 2 

(Table 5) per trial. No significant differences between collections were detected for pH 

(trial 1) or ammonia (trial 2). 

During trial 1, the nutrient content of the collected sludge effluent decreased for 

ammonia (by 96%), total nitrogen (62%) and nitrate (58%); however, the content of 
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total phosphorus increased by 41% (Fig. 3). Means per tank showed significant removal 

of total nitrogen, ammonia and nitrate. Initially, total phosphorus declined, but by week 

three it increased (Fig. 4). In trial 2, the total system content decreased for all nutrients 

tested (ammonia, nitrate, total nitrogen and total phosphorus) over the six week trial 

(Fig. 5). The percent removal for each nutrient was: 59% ammonia, 91% nitrate, 92% 

total nitrogen, 88% total phosphorus. Grow-bed nutrient levels showed a mean removal 

of all nutrients (Fig. 6).    

Plant tissue analysis 

Phosphorus 

Phosphorus contents for the composite samples for trial 1 and 2 are in Appendix 

4a and 4b, respectively. For trial 1 the mixed linear model indicated no tank effect, 

hence tanks were pooled; there was a significant difference among taxa. Lettuce and 

kale had significantly higher phosphorus contents, and salicornia had a significantly 

lower content, than escarole, chard and chive (Table 6). Of the total phosphorus 

contained within the plant biomass (aerial and roots combined) in trial 1  (3026.36 mg P 

or 9% of the final total phosphorus), the highest amount was contained within the lettuce 

(1310.70 mg P, 43%), followed by escarole (934.59 mg P, 31%), chard (589.39 mg P, 

19%), chive (98.73 mg P, 3%), salicornia (85.49 mg P, 3%) and kale (7.46 mg P, <1%) 

(Fig. 5).    

For trial 2 no tank effect was detected, therefore tanks were pooled; species 

effect was significant. A Tukey HSD test showed phosphorus content in nasturtium was 

significantly higher and mint was significantly lower than the other species (lettuce, 

yarrow, chamomile and pinks) (Table 6). The total phosphorus contained within the 
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plant biomass for trial 2 (aerial and roots combined) was 5777.62 mg P or 83% of the 

final total phosphorus. The highest amount was captured by nasturtium (2529.08 mg, 

44%), followed by yarrow (1367.84 mg, 24%), lettuce (949.21 mg, 16.4%), chamomile 

(610.32 mg, 11%), mint (307.06 mg, 5%) and pinks (14.11 mg, <1%) (Fig. 5).  

Nitrogen 

No data are available for kale because it produced insufficient biomass for 

nitrogen analysis. For both trials, linear mixed models indicated no tank effects, so tanks 

were pooled.  ANOVA indicated significant species effects for both trials. In trial 1, 

Tukey HSD identified nitrogen content in lettuce was significantly higher in comparison 

to chard and salicornia (Table 6). Of the total nitrogen contained within the plant 

biomass for trial 1 (10908 mg or 68% of the final total nitrogen), the highest amount 

was captured by lettuce (4305.64 mg, 39%) followed by escarole (3190.97 mg, 29%), 

chard (2449.96 mg, 22%), salicornia (494.88 mg, 5%), chive (424.36 mg, 4%) and kale 

(no data, <1%) (Fig. 6). In Trial 2, Tukey HSD test revealed chamomile and yarrow had 

significantly higher nitrogen content and pinks had the lowest content (Table 6). Of the 

total nitrogen contained within the plant biomass for trial 2 (25719.38 mg or 90% of the 

final total nitrogen), the most was contained within nasturtium (8173.27 mg, 32%), 

followed by yarrow (7068.26 mg, 27%), lettuce (4647.48 mg, 18%), chamomile 

(3618.76 mg, 14%), mint (2157.56 mg, 8%) and pinks (54.05 mg, <1%) (Fig. 6).   

Discussion 

This pilot-scale study, using two 6-week trials and the floating raft technique, 

showed that effluent collected from a commercial salmon hatchery supported growth of 
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8 of the 11 marketable species tested. During these trials no additional plant nutrients 

were added and the fish waste solids were kept in the system. Furthermore, plants 

remediated the effluent in a closed system in both trials. They captured 9 and 83% of the 

final phosphorus and 68 and 90% of the final nitrogen, in trials 1 and 2, respectively. 

Nutrient removal differed with growth and nutrient accumulations of the selected plant 

species, and differences in effluent characteristics between collections.  

Effluent characteristics can be affected by a variety of factors, including fish 

biomass, filtration methods and source water. Adding FIMTA to salmon hatcheries will 

therefore be site-specific depending on available space, current hatchery conditions (i.e. 

temperature, effluent treatment, nutrient production) and the desired end point (i.e. 

removal of phosphorus to meet environmental guidelines). 

 Many of the plant species tested in the system performed well in terms of 

survival and growth; however, kale, salicornia and pinks had lower survival and biomass 

in comparison to nasturtium, yarrow, lettuce, chamomile, chard, mint and chives. Kale’s 

low survival and slow growth may be attributed to nutrient deficiency, based on its 

discoloured leaves. This could be remedied by the addition of critical nutrients, 

presumably potassium (Bright Agrotech 2015). Pinks showed moderate survival but 

slow growth with no observable nutrient deficiencies. It was observed that if seedlings 

were slow growing (i.e. kale and pinks) and did not have a well-developed root system 

before they were placed in the rafts, the substrate was not anchored (i.e. it escaped from 

the net pot). With both the aerial and root portion of the plant underwater, the plants 

drown. This could be remedied by growing these seedlings for longer or containing the 

biochar substrate in a fine mesh within the net pot. The halophyte salicornia was 
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selected because it was expected to be tolerant of the high salt levels commonly present 

in salmon hatchery effluent (Gjesteland 2013). Salts are sometimes used at hatcheries 

for treatment of minor infections and for preparation of sea transfer. Effluent salt levels 

ranged from 222-844 µS·cmˉ¹ over both trials, well below the upper limit (4000-8000 

µS·cmˉ¹) known to cause stunted growth and inhibit the uptake of essential nutrients in 

non-halophytes (Kotuby-Amacher et al. 2000). Additionally, salicornia has a stress 

tolerant life strategy characterized by slow growth (Grime 1977), potentially 

contributing to its relatively low change in height (Table 4). 

The most promising plants for use in aquaponics would survive and gain 

marketable biomass under the environmental conditions of the fish species cultured. Of 

those tested in this study, ranked from best to worst, were nasturtium, yarrow, lettuce, 

chamomile, chard, mint and chives, based first on  survival, then biomass (Table 4). 

Mint and chives had relatively lower biomass gain which may be attributed to their life 

strategy. They are both perennials with a competitive life strategy; they are typically 

longer lived and may have slower growth rates in comparison to annuals with a ruderal 

life strategy (i.e. nasturtium, lettuce, escarole, chamomile, chard) which are 

characterized by faster growth rates, short period of leaf production and short lifespan 

(Grime 1977). Despite the relatively low biomass gained, mint and chives have several 

advantages for farmers; they could be propagated cheaply from cuttings, and can regrow 

after leaves are harvested, allowing multiple harvests per plant.        

To understand nutrient concentrations in a closed system, both inputs and exits 

must be accounted for. In this study, input concentrations differed among collections 

(Table 5). Different amounts of wastes are produced over the course of a year because 
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salmon are cultured for 18 months at the hatchery from which effluent was collected. 

The effluent used in trial 1 had a high amount of observed solids; the 41% increase 

(approximately 13170.28 g) in total phosphorus (Fig. 3) could be attributed to the 

mineralization and breakdown of these solids. An initial removal of phosphorus 

occurred (Fig. 4) which could be attributed to luxury uptake, where plants will 

accumulate and store more than current nutrient requirements (Adler et al. 2003). Later 

in the trial the mean increase of phosphorus could be attributed to a decrease in plant 

uptake (post luxury uptake) being lower than the mineralization rate. In contrast, trial 

two had an 83% reduction in total phosphorus; 5777.30 mg accumulated in the plants, 

but the remaining 3190.21 g were unaccounted for (Fig. 5) and could be contained 

within microbial biofilm. This is an area that requires further study.  

Previous studies (Nair et al. 1985; Rakocy et al. 1993; Seawright et al. 1998) 

have consistently shown decreased concentrations of nitrate (NO₃-N), calcium (Ca), 

potassium (K), sulfate (SO₄), sodium (Na), phosphorus (P) and magnesium (Mg) 

occurring within these integrated systems. Of those tested in this study there were 

decreases in ammonia, nitrate and total nitrogen in both trials. The decrease in ammonia 

was likely due to both nitrification and uptake by the plants, as plants will uptake both 

ammonia and nitrate (Crawford and Glass 1998). Nutrient removal in aquaponics can be 

negatively affected by a high flow rate (Endut et al. 2009; Pantanella 2012); however, 

the flow rate in this study was essentially zero; there was a daily effluent input, but no 

effluent exited the grow-beds.  

The system pH can play a major role in the availability of nutrients (Truog 

1947). Because many plant nutrients (e.g. iron (Fe), magnesium, phosphate and calcium) 
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precipitate at solution pH >7, pH should range from 5.5 to 6.5 (Resh 2004) for 

hydroponic culture to optimize availability of nutrients. However, biofilter nitrification 

bacteria are most efficient at a pH of 7.5-9 and fish (species dependent) typically prefer 

around 7. It is therefore commonly suggested to maintain a pH of 7 as a compromise for 

the plants, fish and bacteria (Tyson et al. 2008). In this study, the lower range in pH in 

the second trial may have increased the availability of nutrients and aided in their 

removal. However, in a commercial system that maximizes fish growth, it may be more 

desirable to maintain pH optimal for nitrification, to keep ammonia levels from 

becoming toxic to the fish. Unfortunately this will result in lower plant growth or the 

requirement of additional plant nutrients in a form that is bioavailable.     

Removal of both phosphorus and nitrogen from effluent by plant uptake differed 

between trials and among species. Phosphorus tissue contents in this study were within 

the expected range (Table 1, Chapter 2) of 4.15 to 12.27 mg·Lˉ¹ (USDA 2015). 

Phosphorus and nitrogen accumulation was greater in trial two than trial one.  However, 

based on the similar biomass of lettuce (used as standard) across the trials (Chapter 3) 

differences in effluent characteristics between trials may not have contributed to 

differences in plant performance and nutrient accumulation. The main contribution to 

differences in accumulation between trials would be nasturtium, grown in trial 2, which 

had the highest biomass and phosphorus tissue content (Table 6) resulting in the greatest 

accumulation of phosphorus and nitrogen.  

Accumulation of fish waste solids can be deleterious in aquaponic systems. 

Decomposition of settling solids can result in anaerobic zones, with compounds toxic to 

fish and plants. In addition, solids can coat the absorptive surfaces of plant roots 
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impeding nutrient uptake (Rakocy et al. 2006). Other studies have also retained the 

solids in their systems (Graber and Junge 2009; Lennard and Leonard 2006) with no 

reported problems; however, it should be noted that the fish biomasses in these studies 

were low (1.38 kg feed/day and 0.22 kg feed/day, respectively), therefore not 

comparable with commercial recirculating aquaculture operations. However, solids can 

be separated and mineralized in another part of the system, providing additional 

nutrients (especially phosphorus, Reid et al. 2009), and reducing the system’s waste 

considerably (Thorarinsdot et al. 2015). The pilot scale system in this study used 

effluent collected from the solids waste disposal pit, including the solids; there was no 

evidence of solids settling out within the grow-beds or negatively affecting the plants. 

This could in part be due to the short time period of the trials and/or use of aeration to 

keep the solids in suspension.  

A decoupled system, i.e. an aquaponics system that separates the fish and plant 

growing areas with a one-way fish effluent connection, could be advantageous when 

adding FIMTA to existing salmon hatcheries. This would allow preexisting fish 

hatcheries to remain the same, maintaining biosecurity. The waste stream produced from 

the removal and mineralization of solid wastes can be used as the nutrient source for the 

plant production. Decoupling would also allow for differences in temperature and pH, 

rather than having to compromise or have either system at non-optimal conditions 

(Tyson et al. 2008).  

In conclusion, 8 plant species (nasturtium, yarrow, lettuce, escarole, chamomile, 

chard, mint, chives) show potential in FIMTA with commercial salmon hatcheries. All 

showed positive performance in terms of growth, survival and nutrient removing 
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capabilities in a pilot scale aquaponics system operating at temperatures commonly used 

for growing Atlantic salmon (13-15°C). The variability in nutrient removal between the 

two trials could be attributed to the physicochemical differences in the collected 

effluent, and the nutrient removal capabilities and allocational strategies of the different 

plant species grown between the two trials. Growing plants with mineralized solids from 

effluent produced at salmon hatcheries may improve the sustainability of the industry by 

decreasing specific components of its environmental impact and providing secondary 

market products.     
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Tables 

Table 4: Taxa ranked by change in dry weight (g ± SD); also shown, change in 

height (mm ± SD), wet weight (g ± SD) of the aerial portion and percent survival 

(%); after six weeks in a pilot scale aquaponic system at 13 - 15°C with effluent 

from a local commercial Atlantic salmon, Salmo salar, hatchery. Trials 1(1) and 2 

(2) analyzed separately. Different letters in superscript indicate a significant 

difference in dry weight (p < 0.05). Species described in Appendix 1. 

 

 
Dry weight Height Wet weight Survival % 

 
Nasturtium₂ 5.50 ± 3.68f 334.86 ± 200.79 80.36 ± 55.41 100 
Yarrow₂ 3.20 ± 1.60e 172.97 ± 31.00 49.63 ± 18.84 100 
Lettuce2 2.75 ± 1.32de 124.12 ± 16.07 66.26 ± 34.04 100 
Lettuce1 2.20 ± 1.16de 121.86 ± 18.66 57.73 ± 22.79 100 
Escarole₁ 1.83 ± 1.14b 95.56 ± 19.23 29.39 ± 13.87 100 
Chard₁ 1.74 ± 1.42b 114.58 ± 32.12 22.40 ± 11.12 100 
Chamomile₂ 1.53 ± 0.97d 102.86 ± 21.32 28.03 ± 16.11 100 
Mint₂ 1.09 ± 0.38cd 95.69 ± 17.49 12.19 ± 3.77 100 
Chive₁ 0.23 ± 0.11a 226.86 ± 62.32 2.05 ± 0.93 97 
Salicornia₁ 0.45 ± 0.33a 12.23 ± 10.83 3.32 ± 4.43 83 
Pinks₂ 0.06 ± 0.07c 44.18 ± 27.78 0.63 ± 0.73 81 
Kale₁ 0.03 ± 0.02a 6.92 ± 15.21 0.17 ± 0.28 61 
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Table 5: Initial characteristics of sludge effluent collected from a commercial 

Atlantic salmon, Salmo salar, hatchery. Electrical conductivity (EC), pH, 

ammonium (NH4+), total phosphorus (TP) and total nitrogen (TN) contents 

measured in triplicates; * indicates a significant difference between collections      

(p < 0.05) per trial. Trial 1 collections: July 30 and August 14, 2014, trial 2 

collections: Jan 14 and 29, 2015 (collections 1 and 2, respectively). 

 

 
Trial 1 Trial 2 

 
Collection 1 Collection 2 Collection 1 Collection 2 

EC (µS·cmˉ¹) 770.33 ± 45.51 240.00 ± 2.00* 681 ±  4.04 835.33 ±  8.50* 
pH 7.73 ± 0.33 7.84 ± 0.03   5.61 ±  0.07 6.26 ±  0.09* 
NH₄ (g) 14.79 ± 0.21 1.77 ±  0.91* 0.11 ±  0.08 0.14 ±  0.06 
TP (g) 9.31 ±  0.24 10.30 ±  0.36* 7.25 ± 0.18 2.45 ± 0.44* 
TN (g) 5.56 ±  0.59 29.90 ±  6.97* 24.27 ± 1.50 9.06 ± 0.10* 

 
 

 

Table 6: Dry weight sum (DW g), mean phosphorus content (mg P·g-1 dry weight), 

mean nitrogen content (mg N·g-1 dry weight) (± SD), phosphorus accumulation 

(Total P (mg)) and nitrogen accumulation (Total N (mg)) for plants grown for six 

weeks in a pilot scale aquaponic system at 13 - 15°C with effluent collected from a 

local commercial Atlantic salmon, Salmo salar, hatchery. Plants trial 1 (1), plants 

trial 2 (2), na - data not available, A - aerial portion, R - root portion. Different 

letters in superscript for phosphorus and nitrogen contents show significant 

differences (p < 0.05), trials analyzed separately. Species described in Appendix 1.  
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 DW  mg P·g-1   mg N·g-1   Total P  Total N  

Chive₁ A 8.32 7.23 ± naab 35.93 ± 2.28ab 60.15 298.94 
Chive R 4.31 8.95 ± 1.53 29.10 ± 5.27 38.57 125.42 
Chive total 12.63     98.73 424.36 

Nasturtium₂ A 197.94 12.05 ± 1.15c 37.23 ± 4.58e 2385.18 7369.31 
Nasturtium R 22.52 6.93 ± 1.06 35.70 ± 5.63 143.9 803.96 
Nasturtium 
total 220.46     2529.08 8173.27 

Kale₁ A 0.47 10.79 ± 0.33a na 5.07 na 
Kale R 0.26 9.19 ± 0.24 na 2.39 na 
Kale total 0.73     7.46 na 
Pinks₂ A 1.76 5.58 ± 0.23ce 23.10 ± 1.68d 9.82 40.66 
Pinks R 0.58 7.40 ± 0.45 na 4.29 13.4 
Pinks total 2.34     14.11 54.05 
Chard₁ A 62.69 6.58 ± 2.16ab 27.60 ± 3.54b 429.43 1730.24 
Chard R 20.64 7.75 ± 0.92 34.87 ± 5.87 159.96 719.72 
Chard total 83.33     589.39 2449.96 
Salicornia₁ A 16.36 4.56 ± 2.54b 27.67 ± 1.86b 74.6 452.68 
Salicornia R 2.26 4.82 ± 0.72 18.67 ± 5.66 10.89 42.19 
Salicornia total 18.62     85.49 494.88 
Mint₂ A 39.16 4.93 ± 0.85e 41.83 ± 3.97ce 193.06 1638.06 
Mint R 21.23 5.37 ± 0.53 24.47 ± 1.39 114.01 519.5 
Mint total 60.39     307.06 2157.56 

Yarrow₂ A 115.26 8.16 ± 2.53de 46.37 ± 0.78c 940.52 5344.61 
Yarrow R 49.63 8.61 ± 0.02 34.73 ± 1.16 427.31 1723.65 
Yarrow total 164.89     1367.84 7068.26 
Escarole₁ A 65.71 6.89 ± 0.61ab 32.07 ± 6.29ab 452.74 2107.32 
Escarole R 33.79 14.26 ± 2.47 32.07 ± 11.83 481.85 1083.65 
Escarole total 99.5     934.59 3190.97 

Lettuce₁ A 79.26 10.39 ± 1.46a 41.97 ± 5.51a 823.51 3326.54 
Lettuce R 27.76 17.55 ± 2.24 35.27 ± 7.34 487.19 979.1 
Lettuce total 107.02     1310.7 4305.64 
Lettuce₂ A 90.77 8.91 ± 0.75cd 44.37 ± 1.00ce 808.76 4027.46 
Lettuce R 18.36 7.65 ± 0.66 33.77 ± 9.52 140.45 620.02 
Lettuce total 109.13     949.21 4647.48 
Chamomile₂ A 55.21 7.31 ± 0.78de 49.23 ± 3.07c 403.59 2717.99 
Chamomile R 25.81 8.01 ± 1.34 34.90 ± 2.60 206.74 900.77 
Chamomile 
total 81.02     610.32 3618.76 
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Figures 

 

 

 

Figure 3: Total system effluent nutrient content (NH4+, ammonia; NO3-, nitrate; 

TN, total nitrogen; TP, total phosphorus) during a 6-week trial (Trial 1: August 22, 

2014 to October 1, 2014) in a pilot scale aquaponic system using effluent collected 

from a commercial Atlantic salmon (Salmo salar) hatchery. Plants grown: chard 

(Beta vulgaris subsp. cicla), chives (Allium schoenoprasum), escarole (Cichorium 

endivia), kale (Brassica oleracea var. acephala), lettuce (Lactuca sativa) and 

salicornia (Salicornia europaea). 
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Figure 4: Grow-bed nutrient removal (mean ± SD) (NH4+, ammonia; NO3-, nitrate; 

TN, total nitrogen; TP, total phosphorus) during a 6-week trial (August 22, 2014 to 

October 1, 2014) in a pilot scale aquaponic system using effluent collected from a 

commercial Atlantic salmon (Salmo salar) hatchery. Plants grown: chard (Beta 

vulgaris subsp. cicla), chives (Allium schoenoprasum), escarole (Cichorium endivia), 

kale (Brassica oleracea var. acephala), lettuce (Lactuca sativa) and salicornia 

(Salicornia europaea).  
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Figure 5: Total system effluent nutrient content (NH4+, ammonia; NO3-, nitrate; 

TN, total nitrogen; TP, total phosphorus) during a 6-week trial (Trial 2: February 

2, 2015 to March 16, 2015) in a pilot scale aquaponic system using effluent collected 

from a commercial Atlantic salmon (Salmo salar) hatchery. Plants grown: 

nasturtium (Tropaeolum majus), yarrow (Achillea millefolium), pinks (Dianthus 

sp.), German chamomile (Matricaria chamomilla), mint (Mentha sp.) and lettuce 

(Lactuca sativa).  
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Figure 6: Grow-bed nutrient removal (mean ± SD) (NH4+, ammonia; NO3-, nitrate; 

TN, total nitrogen; TP, total phosphorus) during a 6-week trial (Trial 2: February 

2, 2015 to March 16, 2015) in a pilot scale aquaponic system using effluent collected 

from a commercial Atlantic salmon (Salmo salar) hatchery. Plants grown: 

nasturtium (Tropaeolum majus), yarrow (Achillea millefolium), pinks (Dianthus 

sp.), German chamomile (Matricaria chamomilla), mint (Mentha sp.) and lettuce 

(Lactuca sativa).  
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Figure 7: Phosphorus amounts (mg) during 2 six-week trials conducted at 13-15 °C 

with sludge effluent collected from a local commercial Atlantic salmon, Salmo 

salar, hatchery. Initial phosphorus content of the collected effluent placed into the 

system (three grow-beds and two header tanks combined), final phosphorus 

content remaining in the system effluent and the content in the total plant biomass. 

Species are described in Appendix 1.   
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Figure 8: Nitrogen amounts (mg) during 2 six-week trials conducted at 13-15 °C 

with sludge effluent collected from a local commercial Atlantic salmon, Salmo 

salar, hatchery. Initial nitrogen content of the collected effluent placed into the 

system (three grow-beds and two header tanks combined), final nitrogen content 

remaining in the system effluent and the content in the total plant biomass. Species 

are described in Appendix 1  
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Chapter 5: Food safety of freshwater integrated multi-trophic 

aquaculture lettuce grown with effluent collected from a commercial 

salmon hatchery  

 

Abstract 

The success of aquaponics using effluent of fed fish aquaculture to grow plant 

biomass depends on many factors including the marketability and safety of the plant 

product. This pilot-scale study addresses the food safety of edible plants grown in 

effluent from a local freshwater salmon hatchery. Samples of lettuce produced in the 

system were submitted to a commercial laboratory to assess a variety of food safety 

parameters: microbe content (total bacterial count, coliforms, fecal coliforms, 

Escherichia coli and Pseudomonas aeruginosa), heavy metals (including mercury), total 

polychlorinated biphenyls (PCBs) and pesticides. No contamination or human health 

hazards associated were identified, as levels of these parameters fell within the range 

acceptable for human consumption under Health Canada.  

Introduction 

Edible crops produced with aquaponics, a form of FIMTA (freshwater integrated 

multi-trophic aquaculture) that combines animal aquaculture and horticulture can 

potentially be a food safety hazard and contamination can occur from a variety of 

sources. Using waste effluent as a nutrient source for plants, rather than disposing of it, 

can aid in the sustainability of the aquaculture industry through waste reduction and 
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improving environment stewardship; thus improving the societal acceptability. Wastes 

produced from fish are primarily composed of nitrogen and phosphorus (Reid et al., 

2009); which are two  plant macronutrients. Within an aquaponic/FIMTA system, the 

microbes in the system convert the wastes produced from the fish into nutrients that are 

consumed by the plants. However, using the wastes produced from fed fish aquaculture 

to produce edible crops can create potential food safety hazards. Of particular concern 

are fresh produce (such as lettuce), as it is minimally processed and typically eaten raw. 

These hazards could include microbial contamination, transfer or uptake of heavy metals 

or other chemical compounds from source water, culture water, fish or fish 

feed/treatments.   

Testing of food safety issues with modern aquaponic systems (Fox et al., 2012; 

Pantanella, 2012) has focused on microbial safety, especially the presence/absence of 

Salmonella spp., Escherichia coli (total and O157:H7), coliforms and total bacterial 

count. Indicator bacteria such as E. coli and Salmonella are transitory in fish and if 

present in aquaponic systems, are likely due to non-potable source water and/or feces of 

warm blooded animals such as birds (Chalmers, 2004). Fox et al. (2012) and Pantanella 

(2012) found their aquaponic produce is safe for human consumption based on standards 

set by the World Health Organization for wastewater reuse guidelines and the California 

Leafy Green Products Handler Marketing Agreement (LGMA)/Environmental 

Protection Agency (EPA), respectively. Additionally there have been no reported cases 

of illness due to aquaponic produce after over 20 years of semi-commercial production 

at the University of Virgin Islands aquaponics farm (Fox et al., 2012).  
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Contamination during the production of vegetables in any system, including 

aquaponics, can be biological, chemical or physical. Traditionally there have been 

several microbiological indicators used to assess the quality of fresh, ready-to-eat 

produce including counts of aerobic colonies/total plate, total coliform, fecal coliform 

and E. coli (Wood et al., 2015). Aerobic colony counts are not a useful indicator, 

because there is no evidence linking them to human disease. In contrast, coliforms, and 

specifically E. coli, are known to produce human disease. Therefore, E. coli has become 

relied upon as an indicator of contamination of produce in many countries (Wood et al., 

2015). Acceptability of ready-to-eat produce in Canada is based on levels of E. coli 

(n=5, c=2, m=100 CFU/g, M=1000 CFU/g; where n is the number of sample units, c is 

the maximum allowable number of sample units with results between m and M, m is 

marginal quality and M is the unacceptable limit) and the absence of E. coli O157 (a 

highly virulent strain of E. coli) (Health Canada 2008; Allen et al., 2013). Chemical 

contaminants in produce may include heavy metals such as lead, mercury and arsenic; as 

well as pesticides and polychlorinated biphenyls (PCBs). Lastly, physical contaminants 

may include rocks, nails or other undesirable objects.  

Leaf lettuce, Lactuca sativa, was grown in a temperature- and light- controlled 

pilot scale FIMTA/aquaponic system using effluent collected from a local commercial 

Atlantic salmon, Salmo salar, freshwater hatchery. The objective of this study was to 

test this aquaponically produced lettuce, which is consumed raw, for food safety: 

microbial contamination (total bacterial count, coliforms, fecal coliforms, E. coli and 

Pseudomonas aeruginosa); uptake of heavy metals (including mercury), total PCBs and 

pesticides.  
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Materials and methods 

Pilot scale FIMTA system 

A temperature and light controlled pilot scale aquaponic/FIMTA system was set 

up at the University of New Brunswick Saint John Campus, Canada. A common 

aquaponic technique was used for growing the lettuce: the floating raft technique. A full 

description of the system can be found in Chapter 3. The roots were irrigated with 

effluent collected from a local commercial salmon hatchery (Cooke Aquaculture Inc., 

Buckmans Creek) on June 17 and July 23, 2015. See Chapter 4 for details. 

Lettuce seedlings were germinated in net pots with well rinsed kelp biochar as 

the substrate. After four weeks, the lettuce seedlings were placed in rafts on July 30, 

2015. For seven weeks, effluent was added daily at a rate of 0.05 L·hˉ¹ gradually 

increasing to 0.5 L·hˉ¹ to maintain nutrient concentrations as the plants grew.    

The source water for the hatchery where the effluent was collected is a spring fed 

stream. There is farming activity in the area that could contaminate the source water, 

hence pesticide uptake was tested. Additionally, marine salmon farming can use 

pesticides for the treatment of sea lice, leading to an assumption that all salmon farming 

use pesticides for the treatment of sea lice; however, sea lice is not a problem in the 

freshwater setting and such treatment is not required. The tests for PCBs were 

performed due to reports that the feed used in farming salmon may contain variable  

levels of PCBs (Shaw et al. 2006) based on the ingredients used. 
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Food testing    

Lettuce was harvested on September 17, 2015, by cutting stems at the base of the 

leaves. For microbial testing the aerial portion (head) of five replicates of five plants 

each, were placed into clean plastic bags. On the day of harvest, the bags of fresh lettuce 

were delivered to the Research & Productivity Council (RPC), in Fredericton, an 

external accredited laboratory for microbial testing. The remaining lettuce plants were 

oven dried, separately, at 60°C for 48 hours or until a constant dry weight was achieved. 

The dried lettuce leaves were packaged into clean bags and delivered to the same 

laboratory to determine content of heavy metals, total PCB and pesticides.  

All tests were performed according to the Compendium of Analytical Methods, 

Health Protection Branch (Health Canada 2013) and/or Association of Analytical 

Communities (AOAC 2012) official methods. For metals testing, a portion of the 

sample was prepared by microwave assisted digestion in nitric acid, and then analyzed 

by inductively coupled plasma mass spectrometry (ICP-MS). Mercury content was 

determined by Cold Vapor Atomic Absorption Spectrometry (CVAAS). Analysis of 

PCBs was performed with solvent extraction, followed by gas chromatography – 

electron capture detector (GC-ECD) analysis based on USEPA 3570/8082. Pesticide 

content was determined using gas chromatography/electron capture detection 

(GC/EDC); organochlorine pesticides and general pesticides were determined with high 

performance liquid chromatography/tandem mass selection detection (LC/MS/MS). This 

technique detects many pesticides: Endosulfan I, Endosulfan II, Cypermethrin, 

Permethrin, Chlorpyrifos, Fludioxonil, Atrazine, Azinphos-methyl, Chlorothalonil, 

Dimethoate, Fluazifop-p-butyl, Imidacloprid, Linuron, Metalaxyl, Methamidophos, 
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Carbofuran, Azoxystrobin, Thiophanate-methyl, Metobromuron, Metribuzin, 

Rimsulfuron, Thiabendazole, Hexazinone, Propiconazole, Thifensulfuron-methyl, 

Tribenuron-methyl, Chlorantraniliprole, Phorate, Clothianidin and Thiamethoxam.     

Metal contents of aquaponically grown lettuce in this trial were compared with 

locally available lettuce, that may not be grown locally, as reported in the Total Diet 

Study Trace Element concentrations Halifax 2006 (Health Canada, 2010). Lettuce metal 

contents were also compared to the maximum and guideline levels for contaminants and 

toxins in foods as set by the Food and Agriculture Organization (FAO, 2010).  

Macro and micro nutrient contents in aquaponic lettuce were compared to those 

in mature lettuce (Hochmuth et al., 2015) to identify if any nutrient deficiencies 

occurred for the following elements: boron, calcium, copper, iron, magnesium, 

manganese, potassium, sodium and zinc.  

Results 

Mean total bacterial count was 403.33 ± 198.57 cfu/g. Total coliforms were 

detectable in one out of five of the samples, with 9.2 MPN/g; they were undetectable in 

the other samples (< 3 MPN/g). Fecal coliforms and E. coli were undetectable (< 3 

MPN/g) in all samples. Pseudomonas aeruginosa was not found (0 g) in the samples. 

Metal contents (Table 7) for beryllium, bismuth, nickel, selenium, thallium and 

uranium were below detection limits. Those for aluminum, arsenic, barium, cadmium, 

cobalt, copper, lead, manganese, rubidium, strontium and zinc were consistently above 

those in locally available lettuce, according to Total Dietary Study (TDS) for Halifax 

2006 (Health Canada, 2010). Arsenic, cadmium, lead, mercury and tin were below 
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maximum and guideline levels set by the Food and Agriculture Organization. Boron, 

calcium, copper, iron, magnesium, manganese, potassium and zinc, all essential 

elements for plant growth, were found to be within normal limits for mature lettuce 

(Hochmuth et al. 2015).  

The PCB content of the lettuce was below the detection limit (< 0.05 Total 

PCB). 

All pesticides tested were below detection limit (Table 8).  

Discussion 

No food safety issues were detected in the lettuce in this study, based on 

currently accepted guidelines. In addition, there was no contamination from uptake of 

pesticides or PCBs, which would presumably arise from source water and/or fish feed. 

Irrigation water is a common source of contamination in terrestrially grown edible 

produce; however, growing plants aquaponically typically avoids the application of 

irrigation water onto the leaves and stems of produce, and could be a safer complement 

to traditional field grown produce.  

Bacterial contamination in ready-to-eat produce can cause human illness, and 

may occur from various sources. Growing plants in a controlled environment indoors, as 

in this study, prevents contamination from faeces of non-human warm-blooded animals 

such as birds or other vectors of pathogenic bacteria (i.e.: Salmonella spp., E. coli 

O157:H7) such as manure/sewage of cattle, sheep and pigs (Houghton et al. 2008). 

Pseudomonas aeruginosa was used as an indicator for contamination due to improper 

human sanitation during the trial or during harvesting. Future biological testing should 
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include Salmonella spp. as it is a common agent associated with illness linked to lettuce 

(Allen et al., 2013). With the use of good agricultural practices many sources of 

contamination can be prevented and aquaponics producers should be educated on 

potential sources of food contamination. 

A common source of metal contamination can occur through aerial spray or 

deposition onto the surface; however, growing produce in a closed environment prevents 

this. Source water and plant substrates may also be sources of metal contamination. 

Some heavy metals are not taken up by plants at all, hence pose little risk, while others 

may become phytotoxic before they could accumulate to concentrations toxic to humans 

(McLaughlin et al., 1999). Arsenic, mercury and lead can be absorbed by plant roots but 

tend to not be translocated within the plant, hence are not typically a food safety issue in 

aboveground portions. However, cadmium, cobalt, molybdenum and selenium can be 

absorbed, translocated throughout plants (McLaughlin et al., 1999) and become a food 

safety issue. These contaminants were below dangerous levels in this study.  

Essential nutrients for plant growth were found to be within normal 

concentration ranges. It is commonly suggested to supplement calcium and potassium in 

aquaponic systems (Rakocy et al., 2006), as they are typically not in appropriate 

concentrations for optimal plant growth; in this study, they were found to be within 

normal ranges and no symptoms of nutrient deficiencies were observed. Potassium 

levels were also within normal range, in spite of higher than normal levels of sodium 

(USDA, 2016), which can inhibit potassium uptake in plants (Barker and Pilbeam, 

2006). The excessive sodium in the effluent could be from the use of salt as a fish 

treatment or from the biochar substrate.  
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Canada is a net importer of fruits and vegetables (Allen et al., 2013), but the 

production of produce year-round in Canada and other temperate climates is possible 

with greenhouse and plant grow-light technologies that have become increasingly 

refined and affordable. Using the nutrients produced from freshwater aquaculture in 

IMTA/aquaponic systems could not only decrease the environmental impact of fish 

farms but also provide fresh locally-grown produce year-round, rather than relying on 

imported produce. Based on this pilot-scale study commercial salmon hatchery effluent 

can be a safe nutrient source for the production of food crops such as lettuce; however, 

aquaponics systems will differ in a variety of ways (e.g. source water, species cultured, 

environmental conditions, location, etc.) and will require individual testing.   
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Tables 

Table 7: Concentrations of metals in lettuce grown with effluent collected from a 

commercial salmon, Salmo salar, hatchery. TDS - results from lettuce tested in the 

Canada Total Diet Study (Health Canada, 2010). FAO - limits of toxic elements set 

by the Food and Agriculture Organization (FAO 2010). Expected range - expected 

concentration ranges of nutrients in mature lettuce (Hochmuth et al. 2015). All 

concentrations are in mg·kgˉ¹. Blanks indicate no data. 

 

Metal This study TDS (Halifax) FAO Expected range 
Aluminum 21.40 1.229 

  Antimony <0.02 
   Arsenic 0.30 0.0112 0.01 -0.5 

 Barium 3.50 0.136 
  Beryllium <0.02 3.00E-05 
  Bismuth <0.20 3.00E-05 
  Boron 32.60 

  
15-30 

Cadmium 0.22 0.00782 0.2 - 2.0 
 Calcium 17600.00 

  
14000-20000 

Chromium <0.20 
   Cobalt 0.04 0.00136 

  Copper 7.30 
  

5-10 
Iron 60.00 

  
50-150 

Lead 0.92 0.00628 0.3 - 2.0 
 Lithium 0.62 

   Magnesium 5590.00 
  

3000-7000 
Manganese 18.70 2.003 

 
20-40 

Mercury 0.06 
 

0.1 
 Molybdenum 0.35 

   Nickel <0.20 0.0164 
  Potassium 31000.00 

  
25000-50000 

Rubidium 24.50 0.363 
  Selenium <0.20 0.00048 
  Silver <0.02 

   Sodium 32100.00 
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Strontium 616.00 0.619 
  Tellurium <0.02 

   Thallium <0.02 8.00E-05 
  Tin 0.99 

 
50 - 250 

 Uranium <0.02 0.00173 
  Vanadium <0.2 

   Zinc 42.6 1.588 
 

25-50 
 

 

 

Table 8: Pesticide content of lettuce grown in an aquaponic system using effluent 

collected from a commercial Atlantic salmon, Salmo salar, hatchery. Values are 

reported in mg·kgˉ¹ dry mass. 

 

Pesticide Concentration Pesticide Concentration 
Endosulfan I < 0.01 Carbofuran < 0.02 
Endosulfan II < 0.01 Azoxystrobin < 0.02 

Cypermethrin < 0.01 Thiophanate-
methyl < 0.02 

Permethrin < 0.01 Metobromuron < 0.03 
Chlorpyrifos < 0.01 Metribuzin < 0.03 
Fludioxonil < 0.01 Rimsulfuron < 0.02 
Atrazine < 0.03 Thiabendazole < 0.02 
Azinphos-methyl < 0.03 Hexazinone < 0.02 
Chlorothalonil < 0.02 Propiconazole < 0.02 

Dimethoate < 0.04 Thifensulfuron-
methyl < 0.02 

Fluazifop-p-butyl < 0.02 Tribenuron-methyl < 0.04 
Imidacloprid < 0.02 Chlorantraniliprole < 0.02 
Linuron < 0.02 Phorate < 0.01 
Metalaxyl < 0.03 Clothianidin < 0.01 
Methamidophos < 5.0 Thiamethoxam < 0.01 
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Chapter 6: General Discussion 

 

For freshwater integrated multi-trophic aquaculture (FIMTA) to be adopted by 

the salmon farming industry, a simple easy to use, yet efficient system is desired. The 

pilot scale system in this study used sludge waste collected from a commercial hatchery, 

and added no nutrients to the system; water temperatures (10-15°C) were typical for 

culturing Atlantic salmon, Salmo salar. The biochar substrate, IMTA kelp, was locally 

grown and pyrolysed, a potentially reusable alternative to other common aquaponic 

substrates (i.e.: rockwool, coir, foam). The system presented in this study is adaptable 

and can be an add-on to many operational recirculating hatcheries.  

The 13 plant cultivars tested in this study were from seven families and 

represented a variety of crop usages; food, ornamental and medicinal. Members of the 

Family Asteraceae (yarrow, escarole, lettuce and chamomile) performed well in terms of 

growth and nutrient removing capabilities. Members of the Family Amaranthaceae 

(chard, salicornia, spinach) showed mixed results; chard performed well, but salicornia 

and spinach did not. Two cultivars in Brassicaceae (kale and watercress) performed 

poorly in terms of growth, however watercress demonstrated high nutrient removing 

capabilities and should be considered for additional testing. Garden pinks 

(Caryophllaceae) did not perform well due to slow growth. Single representatives of 

Amaryllidaceae (chives), Tropaeolaceae (nasturtium) and Lamiaceae (mint) performed 

well, with nasturtium producing the most biomass. Because the chives and mint were 

not started from seed, they could be a useful option where seedling production is not 

desired.     
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Using a decoupled aquaponic system (where the fish-growing recirculating loop 

is separate from the plant-growing loop), as used in this study, has numerous major 

advantages that can improve the sustainability of recirculating salmon hatcheries. 

Decoupling allows for flexibility in growing conditions and enables the sludge waste 

produced from recirculating aquaculture to be used as an income source. After aerobic 

microbial mineralization, sludge waste becomes a nutrient source for growing 

marketable plants. By decoupling aquaponic systems, (as opposed to a one-loop system, 

where fish and plant growth occur in the same recirculation), production of both culture 

units can be optimized rather than making compromises between the two. The plant-

growing water can have a higher temperature, lower pH and a separate photoperiod 

without affecting the fish.      

The continuous improvements in greenhouse and plant grow-light technologies 

can enable horticulture year-round in temperate areas.  Increased availability of local 

food crops could reduce importation, reducing carbon expenditure.  

 Because it is a relatively novel method for growing food crops, FIMTA could 

raise questions from consumers. The food safety testing in this study was consistent 

with previous studies, identifying that, with good agricultural practices, aquaponically 

grown food is safe for human consumption. Growth in an enclosed area further 

decreases the potential of contamination from mammalian and avian fecal sources. 

Further testing of other contaminants, such as Salmonella spp., and monitoring (as for 

other crop production) are recommended.  However, until consumers are convinced, 

ornamental crops (e.g. cut flowers, pinks) could be a consideration.  
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Appendices 

Appendix 1 

Appendix Table 1: Scientific name, family, common name and variety of selected 

species. na = not available.  

Scientific name Family Common 
name Variety 

Allium schoenoprasum Linnaeus Amaryllidaceae Chives na 
Tropaeolum majus Linnaeus Tropaeolaceae Nasturtium na 
Brassica oleracea var. acephala de 
Candolle Brassicaceae Kale "Dwarf green 

curled" 
Nasturtium officinale W. T. Aiton Brassicaceae Watercress "Broadleaf" 
Dianthus x hybrida 'Rainbow Loveliness' Caryophllaceae Pinks "Sweet Pink" 
Beta vulgaris subsp. cicla Linnaeus Amaranthaceae Chard "Lucullus" 
Salicornia europaea Linnaeus Amaranthaceae Salicornia na 
Spinacia oleraceae Linnaeus Amaranthaceae Spinach “Bloomsdale” 
Mentha sp. Lamiaceae Mint na 
Achillea millefolium Linnaeus Asteraceae Yarrow na 

Cichorium endivia Linnaeus Asteraceae Escarole "Green 
Curled" 

Lactuca sativa Linnaeus Asteraceae Leaf Lettuce "Simpson 
Elite" 

Matricaria chamomilla Linnaeus Asteraceae Chamomile na 
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Appendix 2 

Plant growth:  Preliminary trial results (Chapter 3)   

Results 

 In the preliminary trial, chard gained the most biomass with a mean dry weight of 

1.24 ± 0.60 g, followed by lettuce (0.37 ± 0.22), spinach (0.11 ± 0.90), kale (0.08 ± 0.11), 

chive (0.03 ± 0.02) and watercress (0.01 ± 0.01) (Appendix Table 2); additional plant 

information can be found in Appendix 1. Watercress and chive are both perennials and 

have a different life strategy, in comparison to the annual plants; this may contribute to 

their relatively lower biomass. Despite the low aerial biomass, chive did gain the most in 

change in height and had 100% survivorship. Kale had some individuals develop 

yellowing of the older leaves, with dead fringes indicating a possible potassium 

deficiency (Bright Agrotech LLC 2014). Despite having high survivorship (97%) spinach 

did not grow well in the system, many developed yellowing between the veins, indicating 

a possible iron deficiency (Bright Agrotech LLC 2014), and some bolted prematurely. 

 The dry weight data were not normally distributed (Shapiro-Wilk, W = 0.6383, p 

= 2.2e-16); however, the variances for the dry weight data were homogeneous (Fligner-

Killen: p = 0.7598) and analysis was conducted on untransformed data. A two–way 

ANOVA (plant, tank, tank x plant) indicated a significant difference of dry weight 

between plant species (df = 5, F = 129.46, p = 2e-16), no effect of tank (df = 2, F = 2.28, 

p = 0.11) and an effect of tank by plant (df = 10, F = 3.63, p = 0.00019). Removing the 

tank variable, it was identified that chard and lettuce were significantly different among 
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themselves and also significantly higher than the rest, which did not differ significantly 

(Appendix Table 2).  

 The initial characteristics of the collected effluent placed in the header tanks were: 

electrical conductivity 2127 µS·cmˉ¹, pH 7.41, ammonia 5528 mg, total phosphorus 5809 

mg and total nitrogen 27084 mg. During the six week trial, all measured nutrients 

decreased with the following percent removal: 70% ammonia, 99% nitrite, 77% total 

nitrogen and 42% total phosphorus (Appendix Fig. 1).    

Phosphorus content (mg·g-1 dry weight) data were not normally distributed 

(Shapiro-Wilk W = 0.8466, p = 0.007); however, the variances were equal (Fligner-

Killen: p = 0.7598). A mixed linear model indicated no tank effect, hence the tanks were 

pooled, revealing a significant effect between the plants. A Tukey HSD test identified 

watercress as having a higher content than the other species and chard as having a lower 

content than the other species (Appendix Table 3).   

Nitrogen content (mg·g-1 dry weight) data were normally distributed (Shapiro-

Wilk W = 0.9336, p = 0.38) and the variances were equal (Fligner-Killen: p = 0.8969). A 

mixed linear model indicated no tank effect so the tank variable was removed and data 

were reanalyzed with a one-way ANOVA indicating an effect of plant species. A Tukey 

HSD test revealed kale had a significantly higher content and chive had a significantly 

lower content (Appendix Table 3). Due to low biomass there is no data for the 

phosphorus content of the lower portion of the watercress so the data for the upper 

portion were used to estimate the phosphorus content. Similarly, there is no data available 

for the lower portions of chive, kale or spinach nitrogen content, hence the upper portion 
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data were used to estimate the nitrogen content. For watercress nitrogen content, there 

was no data for either the upper or the lower portions (Appendix Fig. 2).  
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Appendix Table 2: Mean change in height (mm ± SD), wet weight (g ± SD), and dry 

weight (g ± SD) of the aerial portion; and percent survival (%) for plants grown for 

six weeks in a pilot scale aquaponics system at 10-12°C with effluent collected from 

a local commercial Atlantic salmon, Salmo salar, hatchery. Different letters in 

superscript indicate a significant difference (p < 0.05). Species described in 

Appendix 1.  

 

Taxon Height Wet weight Dry weight Survival % 
Chive 138.94 ± 40.00 0.33  ± 0.19 0.03  ± 0.02a 100 
Kale 53.38  ± 26.62 0.84  ± 1.20 0.08  ± 0.11a 100 
Watercress 15.00  ± 19.12 0.11  ± 0.21 0.01  ± 0.01a 47 
Chard 124.71  ± 24.25 16.21  ± 8.72 1.24  ± 0.60b 100 
Spinach 63.82  ± 27.85 0.72  ± 0.70 0.11  ± 0.09a 97 
Lettuce 79.86  ± 14.42 6.16  ± 2.34 0.37  ± 0.22c 100 
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Appendix Table 3: Preliminary trial dry weight sum (DW g), mean phosphorus 

content (mg P·g-1 dry weight), mean nitrogen content (mg N·g-1 dry weight) (± SD), 

phosphorus accumulation (Total P (mg)) and nitrogen accumulation (Total N (mg)) 

for plants grown for six weeks in a pilot scale aquaponic system at 10-12°C with 

effluent collected from a local commercial Atlantic salmon, Salmo salar, hatchery. A 

- aerial portion, R - root portion, na – data not available. Different letters in 

superscript for phosphorus and nitrogen content show significant differences (p < 

0.05). Species described in Appendix 1.    

 Plant DW (g) mg P ·g-1 mg N·g-1 total P (mg) total N (mg) 
Chive A 1.05 10.31±1.17a 28.80± naa 10.83 30.24 
Chive R 0.35 13.05±1.92 na 4.57 10.08 
Chive total 1.40 

  
15.39 40.42 

Kale A 3.08 7.72±1.98ab 57.77±6.52b 23.78 177.93 
Kale R 0.44 7.07±3.17 na 3.11 25.42 
Kale total 3.52 

  
26.89 203.35 

Watercress A 0.35 17.93±2.99c na 6.28 na 
Watercress R 0.09 na na 1.61 na 
Watercress 
total 0.44 

  

7.89 na 

Chard A 44.55 4.39±0.27b 44.10±2.71c 195.57 1964.66 
Chard R 4.23 6.63±2.80 55.93±6.63 28.04 236.58 
Chard total 48.78 

  
223.62 2201.24 

Spinach A 3.84 7.01±0.68ab 30.37±1.86ac 26.92 116.62 
Spinach R 0.26 6.63±2.80 na 1.72 7.9 
Spinach total 4.10 

  
28.64 124.52 

Lettuce A 12.83 6.94±0.45ab 45.60±3.36c 89.04 585.05 
Lettuce R 1.90 10.22±1.58 53.46±4.94 19.42 101.57 
Lettuce total 14.73 

  
108.46 686.62 
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Appendix Figure 1: Total system effluent nutrient content (NH4+, ammonia; NO3-, 

nitrate; TN, total nitrogen; TP, total phosphorus) during a six-week trial (May 01 to 

June 12, 2014) in a pilot scale aquaponic system using effluent collected from a 

commercial Atlantic salmon (Salmo salar) hatchery at 10-12°C. Plants grown: chive 

(Allium schoenoprasum), kale (Brassica oleracea var.  acephala), watercress 

(Nasturtium officinale), chard (Beta vulgaris subsp. cicla), spinach (Spinacia 

oleraceae) and lettuce (Lactuca sativa).   
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Appendix Figure 2: Preliminary trial phosphorus (mg) and nitrogen (mg) during a 

six-week trial conducted at 10-12°C with effluent collected from a local commercial 

Atlantic salmon, Salmo salar, hatchery. Initial nutrient content of the collected 

effluent placed into the system (three grow-beds and two header combined), final 

nutrient content remaining in the system effluent and the content in the total plant 

biomass. Species described in Appendix 1.   
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Appendix 3 

a) Trial 1 dry weight p-value results from a Tukey HSD test across three tanks 

 

One – two One - three Two - three 

Chard 0.8627 0.6668 1 
Chive 1 0.9968 0.9986 
Escarole 1 0.796 0.6437 
Kale 1 1 1 
Lettuce 0.9668 0.745 1 
Salicornia 1 1 1 

    
Tank 0.2714 0.0026 0.166 

 

 

b) Trial 2 dry weight p-value results from a Tukey HSD test across three tanks 

 

One-two One-three Two-three 

Chamomile 0.9998 1 0.9999 
Pinks 1 1 1 
Lettuce 0.9784 0.9883 1 
Mint 1 1 1 
Nasturtium 1 0.9937 0.871 
Yarrow 1 1 1 

    Tank 0.4061 0.9912 0.3376 
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Appendix 4 

a) Phosphorus content (mg·g-1) data for trial 1; numbers in brackets indicate the 

composite sample variance as they were measured in triplicate (A - aerial portion, 

R - belowground portion). 

        Tank 1     Tank 2     Tank 3 Mean ± SD 

Chard A 6.32 (0.97) 9.23 (2.72) 5.01 (0.62) 6.85 ± 2.16  

Chard R 6.57 (1.25) 7.94 (1.79) 8.57 (1.70) 7.75 ± 0.92 

Chive A 8.69 (0.53) 5.17 (1.16) 7.85 (0.19) 7.24 ± 1.84 

Chive R 8.15 (2.16) 10.71 (0.56) 7.98 (3.74) 8.95 ± 1.53 

Escarole A 7.09 (0.81) 7.37 (0.51) 6.20 (0.51) 6.89 ± 0.61 

Escarole R 13.31 (5.03) 12.40 (5.20) 17.06 (1.19)  14.26 ± 2.47 

Kale A 10.95 (n/a) 10.41 (0.06) 11.01 (n/a) 10.79 ± 0.33 

Kale R 9.02 (n/a) 9.36 (n/a) 10.60 (n/a)  9.66 ± 0.83 

Lettuce A 8.94 (2.42) 10.37 (1.01) 11.86 (3.62) 10.39 ± 1.46 

Lettuce R 15.23 (4.25) 19.71 (3.77) 17.72 (2.17) 17.55 ± 2.24 

Salicornia A 3.76 (1.79) 7.41 (0.78) 2.52 (0.81) 4.56 ± 2.54 

Salicornia R 5.58 (1.76) 4.75 (1.41) 4.14 (1.44) 4.82 ± 0.72 

Tank mean ± SD 8.63 ± 3.25 9.57 ± 3.91 9.21 ± 4.74   
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b) Phosphorus content (mg·g-1) data for trial 2; numbers in brackets indicate the 

composite sample variance as they were measured in triplicate (A – aerial portion, 

R - belowground portion). 

 

Tank 1 Tank 2 Tank 3 Mean ± SD 

Chamomile A 7.32 (0.60) 8.08 (0.34) 6.53 (0.42) 7.31 ± 0.78 

Chamomile R 8.98 (1.25) 6.48 (0.63) 8.56 (0.86) 8.01 ± 1.34 

Pinks A 5.50 (0.44) 5.84 (0.44) 5.41 (0.74) 5.58 ± 0.23 

Pinks R 7.92 (0.23) 7.13 (0.11) 7.14 (0.85) 7.40 ± 0.45 

Lettuce A 8.57 (0.57) 9.77 (0.69) 8.39 (0.71) 8.91 ± 0.75 

Lettuce R 7.38 (0.13) 8.44 (0.10) 7.13 (0.63) 7.65 ± 0.70 

Mint A 5.91 (0.60) 4.43 (0.97) 4.45 (0.89) 4.93 ± 0.85 

Mint R 4.80 (0.24) 5.45 (0.68) 5.85 (0.30) 5.37 ± 0.53 

Nasturtium A 10.41 (0.61) 13.39 (0.92) 12.35 (1.00) 12.05 ± 1.51 

Nasturtium R 6.30 (0.32) 7.50 (0.52) 5.38 (0.23) 6.39 ± 1.06 

Yarrow A 6.74 (1.42) 11.08 (0.81) 6.65 (2.01) 8.16 ± 2.53 

Yarrow R 8.60 (0.49) 8.61 (0.70) 8.63 (0.45) 8.61 ± 0.02 

Tank Mean ± SD 7.37 ± 1.62 8.02 ± 2.51 7.21 ± 2.10 
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