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Abstract The aim of the study was to investigate the feasibility of nutrient recycling

from a marine recirculating aquaculture system (RAS) for fish (European sea bass, Di-

centrarchus labrax L.) through three salt-tolerant, halophyte plant species, Tripolium

pannonicum (Jacq.) Dobrocz., Plantago coronopus L., and Salicornia dolichostachya

(Moss.). Halophytes, illuminated by sunlight and supplemented with artificial light, were

maintained in hydroponic cultures integrated in a RAS water treatment system operating at

16 psu salinity. During a 35-day experiment, 248 fishes gained 5.6 kg of weight. Total

plant biomass production reached 23 kg in 14 m2 hydroponic culture area. Gain of shoot

biomass was 27, 18, and 60 g m-2 day-1 for T. pannonicum, P. coronopus, and S. doli-

chostachya, respectively. The plants retained 7 g phosphorus and 46 g nitrogen under the

experimental conditions. This was equivalent to 9 % of the N and 10 % of the P introduced

with the fish feed. The edible part of the harvested plant material was microbially safe and

approved for human consumption. The coupling of production in a RAS–IMTA was tested

as a feasible cascading production technology for sustainable aquaculture.
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Introduction

Sustainable expansion of aquaculture worldwide requires technologies, which allow for the

recycling of matter and energy (Jegatheesan et al. 2011). Presently, aquaculture is still

operating in mono-species systems. The system-immanent loss of nutrients (Islam 2005)

and organic matter (Franco-Nava et al. 2004; Herbeck et al. 2013) from open installations

is a cause for concern. In the global view, also the nitrogen emissions from aquaculture fish

production will affect natural cycles (Galloway et al. 2004). Kroeze et al. (2013) em-

phasize a potential increase in harmful algae blooms because of nutrient shifts in coastal

waters. Thus, open coastal aquaculture affects its own environment and jeopardizes a

production important for a growing human population. Besides the ecological impact, the

resource aspect must be considered. Cooper et al. (2011) show much larger global phos-

phate rock reserves than previously assumed. They still emphasize that recycling of

phosphorus from food production systems should be made a priority. The energy demand

for the chemical synthesis of nitrogen fertilizer accounts for 1 % of the global energy

consumption (Kitano et al. 2012). The reuse of nitrogen and phosphorous from waste

streams, therefore, appears to be the logical way for sustainable resource management in

aquaculture and other food production.

A possible way to improve sustainability of aquaculture is by reproducing natural

nutrient cycles on small scale. Integrated multi-trophic aquaculture (IMTA) combines the

production of fish with filter feeders and plants or algae (Chopin et al. 2008). Another trend

in global aquaculture is toward land-based recirculation aquaculture systems (RAS)

(Martins et al. 2010; Dalsgaard et al. 2013), which operate independently from natural

environments. They allow the production of almost every aquaculture species regardless of

their natural distributional range (Orellana et al. 2014). This publication reports about an

effort to combine both technologies to address the requirements of future aquaculture.

In RAS, substantial amounts of organic and inorganic matter from non-retained feed

accumulate within their system boundaries. Water quality needs to be controlled by bio-

process technology (Orellana et al. 2014). This allows to reduce the water consumption

rate in zero-exchange RAS to\1 % of the system volume per day. The resulting inorganic

nitrogen and phosphorous flux complies with the nutrient requirements of plants. The

process technology allows directing the nutrients to an integrated recycling by plants.

Approaches to combining fish and plant production are dated back to 1978 and 1984,

when Lewis et al. (1978) and Watten and Busch (1984) combined the production of tilapia

and tomatoes. In marine aquaculture, examples of co-production of fish and plants are less

common. Webb et al. (2012) investigated the feasibility of constructed wetlands to recycle

nutrients from a commercial RAS operation. They grew Salicornia europaea successfully

with effluents from a shrimp, sole, and turbot farming. The wetland technology as an end of

pipe treatment removed a large amount of the nutrients.

More recently, Sikawa and Yakapitiyage (2010) published results from experiments

combining hybrid catfish (Clarias macrocephalus 9 C. gariepinus) and lettuce (Lactuca

sativa L.) in a pond/hydroponic system. Their results proved the feasibility but also showed

constraints. The high particle load in the process water of the RAS turned out to be a

drawback for integration. Modern marine RAS technology includes additional process

steps to decrease turbidity and remove small particles including bacteria and other mi-

croorganisms (Orellana et al. 2014). The decay of organic substance through the ozonation

process (Orellana et al. 2014) is another important step toward better process water quality

(Schroeder et al. 2011).
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In RAS, low dissolved phosphorus and nitrogen concentrations are maintained in the

process in order to ensure welfare of cultured organisms. Typical concentrations are in the

range of 100 mg l-1 for nitrate-N and between 1 and 15 mg l-1 for phosphate-P (Deviller

et al. 2004; Tal et al. 2009; van Bussel et al. 2012; Orellana et al. 2014). These concen-

trations are far below those commonly used for hydroponic plant growth (Park et al. 2009).

The integration of hydroponic plant production into RAS is possible if sufficient nutrients

can be supplied with the recirculated process water. In this study, we examined the growth

of the halophytic species S. dolichostachya, a high-value vegetable, and compared growth

with that observed in wetland conditions. Tripolium pannonicum and P. coronopus were

tested as herbs with special flavoring substances. The species were shown to grow under

Fig. 1 Experimental setup of the recirculation aquaculture system and the hydroponic tanks. The nursery
area is not shown
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hydroponic conditions (Buhmann et al. 2015). The aim of this study was to investigate the

growth and nutrient uptake in a cascading process and to define parameters that can later be

used to scale up RAS–IMTA.

Materials and methods

RAS operation

An experimental RAS was employed as nutrient source for the hydroponic cultures. Fish

were kept in an 8 m3 rectangular fish tank (5 9 2.5 9 0.7 m). Water quality was main-

tained through a number of water treatment processes (drum filtration, flotation, ozonation,

biofiltration, degassing, and aeration) according to Orellana et al. 2014 (Fig. 1). The RAS

was operated with artificial seawater (Seequasal GmbH, Münster, Germany) made up of

five major ions (Cl-, Na?, SO4
-, Mg2?, and K?) according to Turekian (1968). Salinity

was adjusted to 15–16 psu.

The RAS was stocked with 248 D. labrax juveniles obtained from a commercial marine

inland fish farm (Meeresfischzucht Völklingen GmbH, Germany). The initial average

weight of fish was 38.1 g. Fish were fed to satiation with commercial pelleted feed

(1.2–1.5 mm pellet size Coppens International Marico Apex, Helmond, The Netherlands).

The feed contained 9.3 % nitrogen (N) and 1.3 % phosphorous (P) according to the

specification of the manufacturer.

Growth of fish is exponential (Ricker 1975) and can be expressed as w1 ¼ w0 � eG�t
where w0 and wt are the individual weights of animals at the beginning and the end of the

growth period (t). G denotes the instantaneous growth rate which can be calculated from

G ¼ ðlogeðw1Þ � logeðw0ÞÞ=ðt1 � t0Þ: The instantaneous growth rate corresponds to a

specific growth rate in % body weight per day that is more commonly computed in

aquaculture production research. The feed conversion rate (FCR) was calculated as a

quotient of the feed given and the weight gained.

Hydroponic operation

The experimental system was combined of the RAS, a sand bed nursery, and three hy-

droponic culture tanks for experimental plant production (Fig. 1). The nursery system and

the hydroponic tanks were set up in two greenhouses of 12 and 40 m2 base area.

The hydroponic tanks (1.9 m3) exhibited a length, width, and depth of 6.0, 0.8, and

0.5 m. They covered 30 m2 of the base area in the greenhouse. Water level within tanks

was maintained at 0.35 m. The tanks were covered with a non-transparent black PE sheet.

A metal grid served as support for the PE sheet as well as for the plants. The hypocotyl of

plants was fixed with soft foam in square openings.

Each hydroponic culture tank was supplied with RAS process water at a flow rate of

0.15 m3 h-1 from 8 am to 8 pm (1.8 m3 day-1). This is much less than the flow rate

through the nitrifying biofilter (15 m3 h-1, 24 h day-1), which converts ammonia excreted

by fish to nitrate. Although hydroponic water temperature was linked to RAS process water

temperature, the weather conditions influenced the process water temperature in hydro-

ponic cultures. Air temperature and process water temperature were monitored with min–

max thermometers. Process water was aerated to maintain a well-mixed water column and

to equilibrate dissolved gas concentrations. The photosynthetic active radiation (PAR) was
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continuously monitored with a quantum sensor (Licor, Bad Homburg, Germany) 1 m

above the water surface. T. pannonicum and P. coronopus were cultured under natural light

conditions. The hydroponic culture tank used for S. dolichostachya was separated from the

others by a curtain. Two high pressure sodium lamps were mounted above the S. doli-

chostachya hydroponic (Fig. 1). The natural light was supplemented for 18 h with artificial

light to suppress flower induction (Ventura et al. 2011).

Trace elements were added to hydroponic tanks three times a week. Every addition

included iron citrate (0.18 g Fe), zinc (2.05 9 10-5 g), molybdenum (7.54 9 10-7 g),

cobalt (4.48 9 10-6 g), copper (4.73 9 10-8 g), and manganese (3.45 9 10-5 g).

Plant material

Seeds of T. pannonicum (Jacq.) Dobrocz. and S. dolichostachya Moss were collected at the

North Sea Jade Bay, Germany (53�29013 N; 8�0301600O). P. coronopus L. seeds were

obtained from Jelitto Staudensamen GmbH (Schwarmstedt, Germany). Plants were grown

to seedling size in a greenhouse at the University of Hannover (Germany) at an average

temperature of 22 �C. During daytime, the natural light was supplemented for 14 h with

artificial light (sodium vapor lamps SONT Agro 400 Philips Amsterdam, The Nether-

lands). At 1–2 cm shoot length, seedlings were transplanted to pots filled with sand of

2 mm grain size.

During the nursery phase, seedlings were irrigated with tap water. Twice a week,

Hoagland solution was supplied. One week before the start of hydroponic experiments, the

plants were adapted to the experimental salinity by adding sodium chloride to the irrigation

water. Salinity was increased by 5 psu every second day. Nursery periods were 4, 3, and

7 weeks in T. pannonicum, P. coronopus, and S. dolichostachya, respectively.

At the beginning of the experiment, 185 plants of each species were evenly distributed

over the surface area of one hydroponic tank. Horticultural care was carried out throughout

the experimental period. Non-vital plants were removed and counted. Pest control was

carried out with beneficial insects (Aphidoletes aphidimyza, Aphidius colemani,

Chrysoperla carnea, Hatto Welte, Reichenau, Germany). Plant biomass at the beginning

was determined for pooled samples of 15 randomly selected plants. After 35 days, three

samples of 15 plants were harvested in 1, 3, and 5 m distance from the head end of the

hydroponic tank and analyzed.

Analytical methods

Samples for the determination of nutrient concentrations of process water influent and

effluent to the hydroponic tanks were collected three times a week. Samples were passed

through a filter (0.2 lm) and stored in sterile polypropylene centrifuge tubes at -20 �C
until analysis. The concentrations of nitrate-N and phosphate-P were measured with an

autoanalyzer (AA3 Seal Analytical GmbH, Norderstedt, Germany). Dissolved inorganic

carbon (IC) and total carbon (TC) as well as total nitrogen (TN) were determined using an

automated CN analyzer (multi N/C 3100 Analytik Jena, Jena, Germany). Total ammoni-

um-N and nitrite-N concentrations in RAS process water were determined with photo-

metric tests (Hach-Lange, Düsseldorf, Germany).

Fresh weight of shoots and roots was determined after removing adherent water. Dry

weight was determined after drying to constant weight at 110 �C. Subsamples of dried

material were grinded to fine powder (MM 400 Retsch GmbH, Haan, Germany) and

analyzed in a CNS elemental analyzer (Vario EL III Elementar Analysensysteme, Hanau,
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Germany). For determination of the P content, aliquots of approximately 38 mg dry mass

were reduced to ashes during 8 h (muffle furnace, M104 Thermo Fisher Scientific Cor-

poration, Waltham, Mass., USA). The ash was cooled to room temperature, and 1.5 ml of

66 % nitric acid was added. After 10 min, 13.5 ml of ultrapure water was added. The

solution was filtered (0.45 lm pore size, Carl Roth) and stored at -60 �C. Phosphorus
concentration was determined in an inductively coupled plasma optical emission spec-

trometer (ICP-OES, iCAP 6000 ICP Spectrometer, Thermo Fisher Scientific Corporation).

A blank value was obtained by treating an empty vial in the same way.

Chlorophyll and carotenoid content of shoots was determined in shock-frozen plant

material. Pigments were extracted with ice-cold 80 % acetone (400 ll) added to aliquots of
freeze-dried and ground leaf material (50 mg). The samples were kept on ice for 10 min

and mixed every 2 min. Cell debris was separated by centrifugation (14,000g, 5 min,

0 �C). Final extraction of pigments from the precipitate was repeated three times using

200 ll ice-cold 80 % acetone. The supernatants were pooled and stored on ice for pigment

determination. Extinction was measured at 470.0, 646.8, 663.2, and 750.0 nm (Uvikon XS

spectrophotometer, Biotech Instruments, Germany). Total chlorophyll and carotenoid

content was calculated according to Lichtenthaler (1987).

Microbiological quality

At the end of the hydroponic experiment, three shoots of every halophyte species were

randomly harvested and pooled. The fresh material was processed in a licensed micro-

biological laboratory (MikroBiologie Krämer, Dillingen, Germany). The samples were

inspected for relevant bacteria in vegetables and fish (Escherichia coli, Salmonella spp.,

Lysteria monocytogenes, Enterobacteriaceae, Pseudomonas spp., Vibrio spp.). The total

counts of mesophilic bacteria were also determined (DGHM 2004, 2007).

Results

RAS operation

Fish individual weight increased during the 35-day experimental period from 32 to 54 g on

average (Table 1). Stocking density in RAS was low throughout the experiment. The

specific growth rate of fish was derived from the instantaneous relative growth rate which

is based on an exponential growth model (Ricker 1975). During the 35-day experiment,

fish grew at specific growth rate of 1.5 % day-1 and exhibited an FCR of 0.93.

Water quality in the RAS production tank was monitored regularly. The process water

pH leveled around 8.1 ± 0.1. Salinity was 15.8 ± 0.5 psu. Total ammonium-N varied

between 0 and 0.07 mg l-1. The average value amounted to 0.01 ± 0.02 mg l-1. Nitrite-N

Table 1 Summary of fish culture parameters

Day Feed (g) Nitrogenin (g) Phosphorousin (g) Nfish Wind (g) r (g)

1 248 31.8 4.5

35 5200 482 66 248 54.4 6.6
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also remained low during the production period. The average amount was

0.025 ± 0.002 mg l-1. Nitrate-N and phosphate-P concentrations are reported in the

section below.

Hydroponic plant growth

A major stress factor for the plants was extreme air temperatures in the greenhouse at the

beginning of the experiment. During daytime, air temperature exceeded 40 �C (Fig. 1). P.

coronopus looked slightly withered at temperatures above 40 �C, but recovered quickly

when temperature decreased. During nighttime, air temperatures leveled between 25 and

20 �C. The process water temperature was less affected due to the large water volume of

hydroponic tanks and the RAS water volume. Process water temperature never exceeded

27 �C (Fig. 1). The temperature slowly decreased from 24–27 �C to 20–22 �C in the time

from August to September.

T. pannonicum and P. coronopus were grown under natural light. The photosyn-

thetically active photon flux reached values above 900 lmol m-2 s-1 during daytime in

August. At the end of the experiment, in September, a maximum of 500 lmol m-2 s-1

was monitored. Heavy rainfall or overcast sky reduced the maximum daytime photon flux

to 250 lmol m-2 s-1, even under late summer conditions (Fig. 2).

The natural light level above the S. dolichostachya hydroponic tank was supplemented

with two lamps. They generated a photon flux of 250 lmol m2 s-1 in the center of the light

beams. At the periphery, the photon flux was \20 lmol m2 s-1 (Fig. 3). No plants

bloomed during and after the experiment, indicating that even the lowest photon flux was

sufficient to suppress flower induction.

Total ammonium-N and nitrite-N concentrations determined in the effluent of the hy-

droponic tanks remained below the detection level throughout the experiment. The TN

concentrations agreed well with the nitrate-N concentrations in all measurements

(Table 2). No obvious differences were found between TN and nitrate-N concentrations

determined in RAS process water and the water leaving the T. pannonicum and P.

coronopus hydroponics, but TN and nitrate-N concentrations were lower in the S. doli-

chostachya hydroponic outlet. Phosphate-P in process water leveled around 3 mg l-1

(Table 2). No differences were found between process water samples and water samples

collected from the hydroponic outlets. Dissolved TC and IC were high in all samples

(19–20 mg l-1). A clear difference between TC and IC, which would have accounted for

Fig. 2 Maximum and minimum
of air temperature in the
greenhouse and process water
temperature in the hydroponic
tanks
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dissolved organic carbon, was not observed. Most of the IC in the process water was

hydrogen carbonate, which equilibrates with dissolved carbon dioxide produced by fish

(Fig. 4).

Fig. 3 Natural photosynthetic active radiation (PAR) in the greenhouse measured 1 m above the surface of
the hydroponic culture tanks

Table 2 Nutrients determined in the RAS process water at the inlet and outlet of the hydroponic tanks

Variable RAS process water Process water in the hydroponics

P. coronopus T. pannonicum S. dolichostachya

TN (mg l-1) 19.4 ± 1.9 21.6 ± 1.8 21.0 ± 2.4 16.2 ± 2.2

NO3
-–N (mg l-1) 20.1 ± 3.4 21.3 ± 3.5 19.3 ± 4.3 16.1 ± 1.9

PO4
3-–P (mg l-1) 2.8 ± 0.6 2.8 ± 0.8 3.0 ± 0.5 2.9 ± 0.7

TC (mg l-1) 19.2 ± 3.2 20.2 ± 5.1 19.0 ± 4.7 19.0 ± 2.6

IC (mg l-1) 18.7 ± 3.0 19.6 ± 4.3 19.8 ± 3.3 19.1 ± 2.3

TN total nitrogen, TC total carbon, IC inorganic carbon, n = 45

Fig. 4 Photosynthetic active
radiation supplied by two high
pressure sodium lamps to S.
dolichostachya hydroponic tank
during 18 h per day. For
recording of PAR, the sensor was
moved at the plant level along the
6 m hydroponic culture tank
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More than 90 % of plants had survived the 35-day experimental period. The fresh

weight per plant increased from 1 to 31 g in T. pannonicum. In P. coronopus, the fresh

weight increased from 1 to 21 g (Table 3). The fresh weight of S. dolichostachya seedlings

and harvested plants was two to three times higher than that of the other two species. The

plant exhibited different daily rates of increase (27, 18, and 60 g m-2 day-1) due to

different weights at the beginning of the hydroponic growth but grew at similar specific

growth rates of 9.0–9.9 % day-1. In all plants species, 70–80 % of the total biomass

production was generated by the shoots.

During the experiment, all plants received N and P exclusively from RAS process water.

At the end, all plants exhibited a lower N content of biomass (Table 4). N content of T.

pannonicum was 37 and 13 % lower in shoots and roots. In the whole plant, the initial N

concentration decreased by 33 %. Nitrogen concentration in P. coronopus shoots de-

creased by 27 %. In the root system, the change was negligible (1 %). In the whole plant,

the N concentration decreased by 23 %. S. dolichostachya showed a minor decrease in the

N content of only 3 %.

The P content of T. pannonicum decreased by 33 % during the experiment. While a

42 % reduction was measured in the shoot, the P concentration increased by 10 % in the

root system. In whole plants of P. coronopus and S. dolichostachya, the P concentration of

Fig. 5 Gain of biomass and retention of nitrogen and phosphorus during hydroponic growth. The increase
in fresh and dry weight and the uptake of nitrogen and phosphorus was determined for the halophyte species
T. pannoniucum, P. coronopus, and S. dolichostachya. For each parameter, values for shoot, root, and total
plant are shown

Aquacult Int (2015) 23:1473–1489 1483

123



biomass increased during the experiment by 43 and 37 %. Both species exhibited a higher

accumulation of P in root biomass than in shoot biomass. A particular high value was

observed in the root system of P. coronopus corresponding to a 300 % increase in P

content (Table 4).

In all plants, the shoot tissue contained 81–83 % of total plant N and 62–71 % of total

plant P (Table 4) because of the larger share of shoot tissue. The retention of nutrients in

plants was calculated from the N and P concentrations of the shoot and root tissue. The

amount of N and P at the beginning was subtracted from that at the end of the experiment,

and the result was multiplied by the amount of gained biomass. S. dolichostachya incor-

porated 167 mg N and 23 mg P per plant during the 35-day experimental period. T.

pannonicum assimilated 61 mg N and 9 mg P per plant. In P. coronopus, a retention of

34 mg N and 7 mg P was calculated (Fig. 5).

Pigment concentration of plants (chlorophyll, carotenoid) changed during the ex-

periment. In S. dolichostachya, the initial chlorophyll concentration (301 mg g-1 dry

weight) decreased to 246 ± 58 mg g-1 dry weight. The carotenoid concentration re-

mained stable (61 ± 2 mg g-1 dry weight). In P. coronopus, the initial chlorophyll con-

centration of 672 mg g-1 dry weight declined to 419 ± 37 mg g-1 dry weight. The

carotenoid concentration decreased from an initial concentration of 128 mg g-1 dry weight

to 78 ± 7 mg g-1 dry weight after 35 days. However, these changes in pigment content

did not show up as visible leaf discolorations. In contrast, leafs of T. pannonicum showed

different shades of green at the end of the experiment. On average, the chlorophyll con-

centration decreased from 1093 ± mg g-1 dry weight to 262 ± 55 mg g-1 dry weight, the

carotenoid concentration from 191 mg g-1 dry weight to 52 ± 12 mg g-1 dry weight.

Table 5 Microbial counts of pathogens relevant for marketability of vegetables and fish on freshly har-
vested shoot material of the three halophyte species

Description Tripolium
pannonicum
CFU g-1

Plantago
coronopus
CFU g-1

Salicornia
dolichostachya
CFU g-1

Guidance (Gl) and
warning levels (Wl)

Aerobic
mesophilic
bacteria

1.5 9 104 4.7 9 105 2.0 9 104 Gl: 5 9 107

Escherichia coli \10 \10 \10 Gl: 1 9 102 Wl:
1 9 103

Salmonella spp. Absent in 25 g of
sample material

Absent in 25 g of
sample material

Absent in 25 g of
sample material

Wl: determination in
25 g of sample
material

Listeria
monocytogenes

\10 \10 \10 Gl: 1 9 102 Wl:
1 9 102

Enterobacteriaceae 2.1 9 103 2.3 9 103 6.0 9 102 Gl: 1 9 104 Wl:
1 9 105

Pseudomonas spp. \1.0 9 105 \1.0 9 105 \1.0 9 105 Gl: 1 9 106 Wl: not
available

Vibrio spp. Absent in 25 g of
sample material

Absent in 25 g of
sample material

Absent in 25 g of
sample material

Wl: determination in
25 g of sample
material

CFU colony-forming units
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Microbiological quality of harvested plants

Consumer protection must carefully be considered in IMTA using a trophic cascade

(Blidariu and Grozea 2011). Table 5 summarizes the results of the microbial inspection of

shoot tissue harvested at the end of the experiment. It also shows guidance and warning

levels that are applied in Germany to fresh salads and marine fish (DGHM 2004 and 2007).

The results show that bacteria counts of potential pathogenic bacteria were low. The

numbers found remain at least one order of magnitude below guidance and warning levels.

From this, it can be concluded that the plant material is not harmful for human nutrition.

Discussion

The experimental setup allowed to investigate the growth of three halophytic plant species

in RAS process water under low steady state concentrations of nitrate (19–21 mg N l-1)

and phosphate (3 mg P l-1). These concentrations were more than ten times lower than

commonly used for tomato and cucumber hydroponic culture (Park et al. 2009). The results

proof the feasibility of a cascading production and show a new perspective for an envi-

ronmentally sound RAS aquaculture.

The RAS technology employed was similar to that described by Orellana et al. (2014).

It is characterized by non-turbid, clear water. The microbial environment is controlled by

low concentration of dissolved organic C. Apparently, such an environment is favorable for

fish and halophytes. The calculated daily weight increase of the three species was within

the ranges reported by Webb et al. (2012) and Shpigel et al. (2013) for Salicornia spp and

small leafy plants grown in freshwater aquaponic systems (Trang et al. 2010; Sikawa and

Yakupitiyage 2010).

After 35 days, T. pannonicum and S. dolichostachya had reached marketable size with

average shoot weights of 25 and 60 g. High air temperatures in the greenhouse may have

limited the growth of P. coronopus plants (17 g) at the beginning of the experiment. The

high final weight of S. dolichostachya plants was not caused by a higher specific growth

rate but mainly was due to a larger size of seedlings. The supplementation of natural light

by artificial light was essential to avoid flower induction in S. dolichostachya (Ventura

et al. 2011). However, very low light levels (photon flux\ 20 lMol m-2 s-1) were suf-

ficient to control the physiological state. Thus, the energy consuming lamps used in this

study can certainly be replaced by efficient electric lighting solutions, such as LED (Poulet

et al. 2014).

Low nutrient concentrations were a point of concern in the setup of IMTA with halo-

phytes (Webb et al. 2012). In this study, changes of tissue nutrient contents were observed

in almost all plant species. While the P content of T. pannonicum decreased, that of the two

other species increased during the hydroponic growth. The high increase in P content of

roots was likely caused by an adsorption of P to the root surface. The buildup indicates that

these two species experienced no shortage in P during the experiment. The N content of S.

dolichostachya plants remained unchanged during hydroponic growth. In contrast, the

N content in the seedlings of T. pannonicum and P. coronopus was higher than that of the

plants harvested at the end of the experiment. Dissolved nutrients were plenty in supply

during the whole experimental period. Nitrate is taken up by plant root systems, even if the

uptake rate is dependent from the ambient nitrate concentration and differs between plant

species (Fang Yao et al. 2011). Thus, the observed reduction in tissue N content is not
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necessarily indicating a shortcoming of N due to low process water concentration. The

diminished tissue nitrogen content was possibly linked to the physiological state of the

seedlings and belonged to the maturation process of plants.

A side effect of the ozone treatment of RAS process water is the formation and pre-

cipitation of iron and manganese oxides. While fish receive trace elements through feed,

the oxidative elimination of trace elements may limit plant growth in RAS–IMTA. The

pigment content of T. pannonicum visibly decreased during hydroponic growth. Pigment

loss can be an indicator of nutrient deficiency. However, the specific growth rate was

higher than that observed in P. coronopus and S. dolichostachya. T. pannonicum is well

known for a high iron demand (Ventura et al. 2013). The micronutrients supplied during

the experiment were apparently not sufficient to support a balanced growth of this species.

Hence, T. pannonicum may be less suited for hydroponic cultivation in a RAS–IMTA

system.

All investigated halophyte species were capable to remove nutrients from process water

and can be used as secondary biological nutrient filters. The concept of a zero-exchange

RAS–IMTA was proofed. However, the possible areal plant production, i.e., the balance

between nutrient release by fish and nutrient uptake by plants, was not yet met. At the time

of harvest, even the largest plants in the experiment had ample space for further growth and

expansion. Planting density in a commercial operation is adjusted to the expected har-

vesting size of plants or fruits. Much higher densities were reported for small leafy veg-

etables. Fallovo et al. (2009) reported 1857 plants per square meter of area. In contrast,

tomato and zucchini are planted at 2–3 plants per square meter (Auerswald et al. 1999;

Rouphael and Colla 2005; Incrocci et al. 2006). Leafy vegetables of intermediate size such

as radish, spinach, and lettuce are cultivated at 30–100 plants per square meter (De Pin-

heiro Henriques and Marcelis 2000; Yorio et al. 2001; Frantz et al. 2004). Lennard and

Leonard (2006) grew 38 heads of Lactuca per m2 to a marketable size of 132 g fresh

weight. Thus, space is usually much better utilized than in our experiment. Webb et al.

(2012) and Shpigel et al. (2013) planted 90–100 halophytes per square meter in constructed

wetlands and reported similar growth rates compared to this study. Therefore, the pro-

ductivity and nutrient uptake in RAS–IMTA can be enhanced by increasing plant density.

The potential of RAS–IMTA can be demonstrated using the results from this study. In

this study, the juvenile sea bass, D. labrax, in co-culture with halophytes were fed with

5.2 kg commercial aquaculture feed. They gained 5.6 kg fresh weight during the 35-day

experiment. The given feed contained 484 g nitrogen. After Robaina et al. (1999), 39 % of

the nitrogen is excreted in D. labrax. The noxious ammonia (Randall and Tsui 2002) is

oxidized to nitrate in the biofiltration process that is part of the water treatment in RAS. It

can be assumed that 189 g nitrogen became immediately available as nitrate-N for hy-

droponic plant production. Usually, the nitrate-N in RAS is removed by denitrifying

biofilters (Van Rijn et al. 2006). However, the hydroponic removal process complies better

with the requirements of sustainable aquaculture; it synergistically increases total output of

RAS.

The production of plant material in the experiment amounted to 6, 4, and 13 kg for T.

pannonicum, P. coronopus, and S. dolichostachya, respectively. The plants incorporated in

total 46 g N and 7 g P during the 35 days of the experiment, which was equivalent to 9 %

of the N and 10 % of the P introduced with fish feed. In view of an amount of 189 g N

estimated for the nitrogen excretion of fish, only 24 % of N was assimilated by plants. If S.

dolichostachya would have been the only consumer of nutrients in the 14.4 m2 hydroponic

area, 1128 plants would have been necessary to remove 189 g N excreted by fish. The

areal density for S. dolichostachya would increase to 78 plants per square meter which is a
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feasible density. The 1128 plants would produce 84 kg biomass fresh weight, of which

64 kg is marketable leafy vegetable. Thus, the marketable plant biomass would exceed the

fish production by factor 11. The P input by feed amounted to 66 g. The P retained in fish

body mass was estimated to 37 g according to Ballestrazzi et al. 1998). Thus, 29 g

phosphorous became available for plant production of which 26 g (91 %) would have been

used in hydroponic plant production. Based on the results and calculations, an increased

plant density in the hydroponics would have balanced nutrient input by feed and nutrient

removal by plants in the RAS–IMTA.

Fish biomass in the experimental RAS was small compared with commercial RAS

operation. The potential plant production in a commercial RAS–IMTA would excel the

experimental plant production likely by orders of magnitude; the necessary hydroponic

area would be tremendous, and the size of production would be a challenge for the

marketing.

Conclusions

RAS production of fish provides plenty of nutrients for plant growth in hydroponic culture.

The use of nutrients in a trophic cascade is potentially beneficial for animal welfare and the

bioeconomy of RAS–IMTA aquaculture. The plant production requires a much larger

production area than the fish production in RAS.

Biomass production and nutrient removal rates are comparable with those observed in

saline wetland systems and freshwater aquaponics. However, the system investigated here

reliably feeds nutrients into the hydroponic culture. Thus, all nutrients released from fish

production can be captured by plants.

T. pannonicum appeared to be less suited for hydroponic culture. On the other hand, the

growth and quality (appearance) of two plant species, S. dolichostachya and P. coronopus,

were excellent. Food safety was confirmed by negligible counts of relevant pathogens on

the marketable leafy plant biomass.
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