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Abstract 

This study aims to assess the overall efficiency of S. europaea and A. tripolium plants in 

wastewater treatment in saline aquaculture systems (IMTA), while generating a valuable 

secondary crop. Specifically plant N uptake and/or biomass production under different N 

concentration and forms, salinity, irradiance, temperature and cropping regimes are investigated.  

It is estimated that at a constant supply of ≥ 300 µmol NO3
-
 l

-1
 S. europaea N removal of 65.3 ± 

18.1 mmol N plant
-1

 can be achieved over one growing season. Plant growth in a non N limited 

hydroponic system, with or without a repeated harvest regime, showed that uncropped plants 

accumulated more fresh biomass than cropped (S. europaea 34 kg m
-2

 and 17 kg m
-2

, A. 

tripolium 21 kg m
-2

 and 10 kg m
-2

, respectively). N removal is closely related to plant biomass, 

and therefore the repeated harvesting can reduce N removal, however it provides a regular high 

value product for marketing. S. europaea showed better growth when supplied with NO3
-
 or 

NH4NO3, comparing to NH4
+
, while A. tripolium growth was not affected by the form of N. The 

measured A. tripolium and S. europaea DIN uptake, as NH4
+ 

and NO3
-
, when supplied separately 

or in an equimolar mix were in general good fits to the Michaelis-Menten model. NH4-
15

N   

uptake rates are higher than NO3-
15

N uptake, except in non-starved S. europaea for single N 

forms supplied alone. Inhibition of NO3-
15

N uptake by the presence of NH4
+
 in solution was 

observed in non-starved plants. S. europaea responds negatively to salinity 1 compared to 10 and 

30, while A. tripolium responds negatively to salinity 30, indicating the suitability of both plant 

species to be used in systems with middle range salinities, but preference for S. europaea over A. 

tripolium at higher salinities and vice versa. DIN uptake in both plant species increased linearly 

with increasing irradiance, and was higher at the mid-range of temperatures tested (20-40 °C). 

Differences in N uptake with varying environmental conditions needs to be further investigated 

and taken in account when designing the treatment system. S. europaea and A. tripolium were 

shown to uptake organic N at comparable rates to DIN uptake, and when in solution more than 

68% of organic N uptake was as intact alanine and trialanine indicating the potential of these 

plants to directly remove DON from the wastewater. Overall the results obtained indicate that S. 

europaea and A. tripolium are able to perform well in IMTA, with efficient N removal and high 

biomass production. The data obtained provides a sound basis for system design and scaling up. 
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Introduction 

Current status of aquaculture 

The average yearly world per capita seafood consumption has been increasing in the last 

decades and predictions are that seafood demand per capita will keep growing to between 19 and 

21 kg in 2030 (FAO 2002a). In parallel world population is also increasing steadily, these two 

trends together lead to an increase in overall seafood demand (FAO 2004). To answer that 

increase in demand a corresponding increase in seafood supply needs to be accomplished. 

However, most of the world’s fishing areas have reached their maximal potential for capture 

fisheries; and the possibility to continue the increase the seafood production and supply arises 

from aquaculture (FAO 2004, 2007). Coastal aquaculture, including brackish water and 

mariculture, is a significant part of seafood production (GESAMP 2008). The current expansion 

of aquaculture is largely the result of the intensification of marine farming activities of 

carnivorous fish species in cages or tanks and shrimp in ponds, all of which are dependent on 

large inputs of resources (Folke and Kautsky 1992, Troell et al. 1999). 

 Though the need for brackish water aquaculture and mariculture development is 

unquestionable, adverse environmental consequences have to be addressed, so that aquaculture 

development will use technologies with environmental sustainability. Impacts of brackish and 

marine fish and shrimp farming depend very much on the species, culture method, stock density, 

feed type, hydrography of the site and husbandry practices (Pillay 1992, Wu 1995, Troell et al. 

1999), independent of those factors some of aquaculture environmental impacts are of common 

concern (see for example the reviews: Bunting 2006, Bert 2007), and among these are the 

nutrients discharged in wastewater. 

 

 

Aquaculture wastewater 

Intensive land-based aquaculture systems can discharge more or less water according to 

production unit size but also according to the system used (recirculating vs flow-through). In 

open system aquacultures, flow-through systems, as the name indicates the water passes through 

the culture system only one time and it is then discharged. In this case the quality of the water 

required for production is achieved merely by dilution effect, i.e. through high water exchange 
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rates, implying that a very high quantity of wastewater of low contaminant concentrations is 

discharged in the surrounding environment. On the other hand in closed systems, recirculating 

aquaculture systems (RAS), the water is re-circulated and reutilised. The extent a system is 

named RAS can be said to be arbitrary (e.g. Piedrahita 2003) however it is widely assumed that 

RAS exchange 10% or less water per day (e.g. McCarthy and Gardner 2003, Park et al. 2008). In 

RAS, compared to flow-through systems, less water is needed and wasted, Timmons et al. 

(2001) reported that RAS can reduce the effluent waste stream by a factor of 500–1000 

(Halachmi et al. 2005, Gutierrez-Wing and Malone 2006). In these systems it is essential to 

maintain high quality in the water being recirculated and reused for production. Also, even if the 

wastewater volume is reduced, RAS systems also need to discharge some water into the 

surrounding environment, and this can be 10 to 100 times more concentrated effluent comparing 

to open systems (Blancheton et al. 2007). 

 Nitrogen (N) is essential for animal growth since it is a fundamental component of 

proteins and in aquaculture is supplied to the cultured fish/shrimp, primarily, through added 

formulated feed. However not all added feed is assimilated into animal biomass, some being lost 

into the water both as particulate and dissolved forms. Wastewater from fed aquaculture contains 

uneaten feeds and metabolic compounds (faeces and excreta). Feed that is not consumed by the 

fish/shrimp, becomes solid waste (SW), part of the feed that is consumed results in undigested 

feed that is excreted in the faeces as SW, and in the by-products of metabolism that are excreted 

as dissolved wastes (DW) mostly by the gills and kidneys. N is excreted by fish mainly in the 

form of ammonia (NH3), but also in organic forms such as urea, trimethylamine, creatine and 

creatinine (Handy and Poxton 1993). In water NH3 and ammonium (NH4
+
) are in equilibrium 

depending on the pH and temperature (e.g. Colt 2006). Leaching from solid wastes further 

increases dissolved N in wastewater. Naturally occurring bacteria convert N excreted by fish and 

leached from faeces and uneaten feed, into different forms of N (namely through immobilization, 

mineralization, ammonification, nitrification and denitrification) and so aquaculture wastewater 

contains many forms of N including, NH3, NH4
+
, NO3

-
 (nitrate), NO2

-
 (nitrite), creatine, 

creatinine, amines (including amino acids) peptides and proteins (Randall and Wright 1987, 

Handy and Poxton 1993, Burford and Williams 2001, Kajimura et al. 2004). The total and 

relative amounts of these forms vary depending, on among other things, on the production 

system used, aquaculture species, animal age, diet type and feed ration (Schneider et al. 2005). 

Usually most of dissolved N occurs in the inorganic form (DIN) and NH4
+
 is often the main DIN 

form occurring in wastewater (Lefebvre et al. 2001, Porrello et al. 2005, Webb et al. 2012). Even 
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though, dissolved organic N (DON) has been reported to be more than 20% of the total dissolved 

N in wastewater (Porrello et al. 2005, Konnerup et al. 2011, Webb et al. 2012). 

 Handy and Poxton (1993) gathered information related to N excretion in different marine 

fish and food wastage and presented two scenarios of N pollution in a marine fish culture system. 

In their minimum pollution scenario N excreted to the aquaculture water is 52.2% of the total N 

added to the system, a scenario with a low food wastage and high N assimilation and retention. 

While in the maximum pollution scenario 94.6% of the added N is excreted to the culture 

system, a scenario with high food wastage and low N assimilation and retention. Other authors 

report values of N excreted to the aquaculture water of 70–80% for fish farms and 79-94% for 

shrimp farms (Troell et al. 1999 and references therein, Neori et al. 2000, Schuenhoff et al. 

2006). Dissolved N wastes between 34-86% of total N inputs, and N solid wastes between 6-

42% have also been reported (Fernandes et al. 2007a and references therein), while Lefebvre et 

al. (2001) found that from total feed N 62% was released in aquaculture wastewater as dissolved 

N, of which 43% was NH3+NH4
+
. 

NH3 is the most toxic form of N (Miller and Semmens 2002), with acceptable 

concentration of un-ionized ammonia in aquaculture systems of only 1.8 µmol l
-1

 (0.025 mg 

NH3-N l
-1

), or more frequently used < 107 µmol NH3+NH4-N l
-1

 (< 1.5mg NH3+NH4-N l
-1

) 

(Neori et al. 2004, Chen et al. 2006, Crab et al. 2007). NO2
-
 can also be toxic to fish, however it 

normally exists at low concentrations in seawater and is not excreted in significant quantities so 

it is not, usually, regarded as main toxic form of N in open systems, nonetheless it can be 

limiting to fish survival and growth in recirculating closed systems (Svobodova et al. 2005, 

Arredondo-Figueroa et al. 2007, Crab et al. 2007). For instance NO2
- 
concentrations lower than 

143 µmol l
-1

 (2 mg NO2-N l
-1

) are indicated for adult seabass and seabream culture (Blancheton 

2000). NO3
-
 is not significantly toxic to fish except at very high concentrations, 36 mmol l

-1
 (500 

mg NO3-N
 
l
-1

) (Pierce et al., 1993 in Colt 2006). However in the case of adult seabream and 

seabass culture < 7 mmol l
-1

 (100 mg NO3-N
 
l
-1

) is considered the safe concentration (Blancheton 

2000). NO3
-
 can also be harmful from the perspective of promoting algal blooms, since N is the 

most important growth-limiting factor in the marine environment (Pillay 1992, Wu 1995, Troell 

et al. 1999), hypernutrification and eutrophication are two major processes that can result from 

waste discharges from aquaculture farms (Pillay 1992, Casalduero 1993, Neori et al. 2000, 

Chopin et al. 2001, Miller and Semmens 2002). 

 In order to obtain a functional RAS, very efficient water treatment techniques are needed 

to allow for maintaining the high water quality required for production, namely in relation to 

nitrogenous wastes. Additionally diverse countries and entities have regulations, best 
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management practices and codes of conduct regarding aquaculture effluents. In Europe the 

Water Framework Directive 2000/60/CE aims to prevent water pollution and sets out a control 

mechanism, as part of that mechanism this directive introduces pricing, so that polluters have to 

pay for N released in aquaculture effluents. Therefore, the need to fulfil legal requirements and 

reduce expenses with associated N discharges, together with the need to overcome negative 

effects in the cultured species, leads to a growing consensus about the importance to put in place 

cost effective wastewater treatment. The development of environmentally sound systems 

requires the removal of solid compounds and dissolved metabolites contained in wastewater, 

namely nitrogen. 

 

 

Wastewater N removal 

Providing that N essentially originates from the feed, several studies have been carried out 

resulting in improvements of feed characteristics and feeding strategies. Highly digestible feeds 

with an optimal protein/energy ratio provided for each species and each developmental stage 

reduce N excretion (Wu 1995), however the necessity of wastewater N removal still remains. 

 Solids are traditionally removed by gravitational and/or mechanical methods. Settlement 

is used to remove the settleable solids, while filtration (commonly screen filtration, expendable 

granular media filtration, and foam fractionation) is used for removing suspended and fine 

particles (Pillay 1992, Casalduero 1993, Buschmann et al. 1996, Van Rijn 1996, Twarowska et 

al. 1997, Troell et al. 1999, Blancheton 2000, Cripps and Bergheim 2000, Miller and Semmens 

2002, Piedrahita 2003, Franco-Nava et al. 2004a, 2004b, Schneider et al. 2005, Gennaro et al. 

2006, Van Rijn et al. 2006, Crab et al. 2007, Brambilla et al. 2008). 

Removal of dissolved metabolites requires more complex and expensive processes. Troell 

et al. (2003) describe the two main kinds of chemical filters using activated carbon filters and 

ion-exchange filters, both having the problem of getting quickly biofouled, additionally ion-

exchange filters gets quickly inactivated in ion-rich seawater. It is therefore essential to look for 

other systems to remove N, biological treatment – biofilters - can be the solution. The traditional 

earthen pond reservoir for water treatment comprises several naturally established biological 

processes, however algal collapse, anaerobioses of the sediment and unpredictable fluctuations 

of phytoplankton biomass and speciation often occur (Van Rijn 1996, Van Rijn et al. 2006). 

Consequently other biofilters that allow for more predictable performance are preferred, in RAS 

bacterial biofilters are the most used (Van Rijn 1996, Troell et al. 2003, Summerfelt and Sharrer 
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2004, Chen et al. 2006, Lyssenko and Wheaton 2006a, b, Malone and Pfeiffer 2006). Different 

bacteria have the capacity to convert NH3+NH4
+
 (hereafter NH4

+
) to NO2

-
 and this to NO3

-
 –

nitrification. Nitrification first step is the conversion of ammonia to nitrite, and is carried out by 

autotrophic bacteria (usually Nitrosomonas species) and in the second step other bacteria oxidize 

the nitrite to nitrate (usually Nitrobacter species). The bacterial biofilters consist in some type of 

material where those bacteria are allowed to grow in order to carry on the described 

transformations, maintaining low concentrations of toxic NH4
+
 and NO2

-
 in the culture tanks, 

however do not remove N from the system. And a potential problem is the accumulation of NO3
-
 

in the RAS, if no treatment other than partial water exchange takes place, values as high as 21-29 

mmol l
-1

 (300–400 mg NO3-N
 
l
-1

) are not uncommon (Van Rijn 1996). On the other hand 

denitrification, a process by which facultative anaerobic bacteria convert nitrate to di-nitrogen 

gas, within the RAS allows for N removal without water discharge. Some naturally occurring 

denitrification happens within aquaculture systems but is not enough to remove all the NO3
-
. 

Bacterial biofilters for denitrification have been developed for the last decades (e.g. Van Rijn 

1996 and references therein, Menasveta et al. 2001, Gelfand et al. 2003, McCarthy and Gardner 

2003, Neori et al. 2007, Davidson et al. 2008, Sandu et al. 2008, Singer et al. 2008), however 

most of this technology is still under development, difficult to maintain and expensive (Neori et 

al. 2003, Troell et al. 2003, Neori et al. 2004, Van Rijn et al. 2006, Saliling et al. 2007, Singer et 

al. 2008). 

One viable alternative is integrated multi-trophic aquaculture (IMTA), which is defined 

as a system where different culture units are set up and nutrient fluxes between them are 

balanced (Chopin et al. 2001, Neori et al. 2004). In IMTA the culture of fed organisms, either 

fish or shrimps, is integrated with extractive culture, i.e organisms that extract particulate organic 

matter (shellfish) and/or dissolved nutrients (algae or plants) (Chopin et al. 2001). Shellfish feed 

on particulate organic matter and algae/plants use light and assimilate dissolved nutrients 

(particularly C, N and P) to build their biomass. A balanced integration those different organisms 

in one system allows for the extractive organisms use the waste from the fed culture to grow and 

in that way to reduce the amount of pollutants left in the wastewater. Furthermore the extractive 

organisms cultured can provide extra commercial crops, directly providing the farm owner with 

additional profit and effectively removing the N in their biomass from the aquaculture system. 

Extractive species produced are argued to meet the standards of organic production (Diver 

2006). 

Different approaches using algae and plants to remove dissolved N from aquaculture 

wastewater have been addressed up to date and high water treatment efficiency and economic 
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return has been demonstrated, in fact several commercial scale IMTA exist today (Rakocy et al. , 

FAO 2002b, Neori et al. 2004, Diver 2006). 

 

 

Use of algae for N removal  

The possibility of integrating microalgae with fed culture has been shown to be successful 

(Troell et al. 2003, Neori et al. 2004, Schneider et al. 2005 and references therein). However it 

has several problems such as, difficulty in control of the microalgae in open ponds, limited water 

exchange since too much water exchange may wash them out, and difficulty in harvesting (Neori 

et al. 2004). Consequently integration of microalgal production has not been widely considered 

as an option. 

Macroalgae on the other hand, have been widely studied in IMTA systems (e.g. Folke 

and Kautsky 1992, Casalduero 1993, Shpigel et al. 1993, Bodvin et al. 1996, Neori et al. 1996, 

Newkirk 1996, Neori et al. 2000, Chopin et al. 2001, Neori et al. 2003, Schuenhoff et al. 2003, 

Troell et al. 2003, Neori et al. 2004, Bunting 2006, Bunting 2008) and it has been reported that 

seaweeds can assimilate as much as 90% of the ammonium produced by intensive fish culture. 

Integration of macroalgae has been investigated both in flow through and closed systems and 

high N removal rates often observed, even though removal as low as 17% has also been verified 

(Hernandez et al. 2005). Several seaweeds (e.g. Gracilaria, Porphyra, Pamaria, Chordurus, and 

Laminaria) have shown to perform satisfactorily in such integrated systems with both high 

bioremediation efficiency and economic return. 

 

 

Use of higher plants for N removal 

Higher plants have also been used in integrated systems to treat aquaculture wastewater, plants 

have been cultivated either using hydroponic systems or constructed wetlands. Despite the fact 

that integrated aquaculture can be developed at any salinity, most of the work done up to now 

using higher plants in IMTA has been in carried out in freshwater or low-salinity systems, with 

very few exceptions. 

 The integration of hydroponics and aquaculture is usually referred to as aquaponics. In 

aquaponics the wastewater from the fed aquaculture production is used in the hydroponic 

culture. Fish culture (mainly tilapia but also carp, gold fish, rainbow trout and others) has been 

integrated with several vegetables and herbs (lettuce, basil, okra, tomatoes, spinach, arugula, 
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watercress, alfalfa, white clover, barley, fall rye, chives) (Rakocy et al. , McMurtry et al. 1997, 

Lockett, 2003 in Neori et al. 2004, Ghaly et al. 2005, Al-Hafedh et al. 2008). Aquaponic systems 

frequently include, besides the fish rearing tank and plant hydroponics bed, a solid removal unit 

and/or a nitrification bacterial biofilter (Quillere et al. 1993, FAO 2002b). In most of these 

systems, however, the first objective is to maximize the production of a second profitable crop 

rather than the wastewater treatment, and with that aim several works addressed the optimization 

of fish and plant ratios (Quillere et al. 1993, McMurtry et al. 1997, FAO 2002b, Al-Hafedh et al. 

2008). RAS seem to be the most adequate aquaculture systems for aquaponics since the high 

nutrient concentration in the wastewater is needed for the plants culture (Nair et al., 1985 and 

Rakocy et al., 2000 in Rafiee and Saad 2005). 

 Also floating and submerged freshwater macrophytes, such as Azolla filiculoides, 

Eichhornia crassipes, Pistia stratiotes, Salvinia molesta, have been studied in integrated 

aquaculture systems and presented efficient nutrient removal (Redding et al. 1997, Sipauba-

Tavares et al. 2002, Henry-Silva and Camargo 2006, 2008, Kovitvadhi et al. 2008). 

 Constructed wetlands (CWs) have traditionally been used for municipal, industrial, urban 

and agricultural waste management (see Vymazal 2008 for review). CWs are designed to mimic 

vegetation, sediment, and microbial processes found in natural wetlands. In relation the plants 

role, besides the direct N uptake, plants provide surface for micro-organisms, allowing for 

microbial assimilation, transformation and storage of nutrients (e.g. nitrification and 

denitrification), consequently macrophytes in CWs also play in important role in indirect 

nutrients removal (Weisner et al. 1994, Tanner 2001, Greenway 2007). Several studies have been 

carried out and demonstrated the viability of using CWs to filter aquaculture wastewater, since 

over all high removal rates can be achieved. CWs wetlands have been analysed to treat water 

both in open and closed aquaculture systems. Unlike in aquaponics often CWs primarily concern 

is the wastewater treatment, even though production of a second economically advantageous 

crop is also sought. 

 Numerous works have investigated N removal from freshwater aquaculture systems, and 

CWs with plant species such as Phragmites australis, P. communis, and Phalaris arundinace, 

providing high N removal rates, for example NH4
+
 removal between 61 % and 91 % (Schulz et 

al. 2003, Sindilariu et al. 2008). Some other works have looked at the treatment of brackish 

wastewater (salinity 3 and 5) from Chanos chanos and Litopenaeus vannamei culture, the CWs 

planted with either Ipomoea aquatica, Paspalum vaginatum, Phragmites australis or Typha 

angustifolia removed up to 95 to 98 % of total inorganic N (Lin et al. 2002, Lin et al. 2003, Lin 

et al. 2005). However there is little information available regarding the use of CWs in higher 



Chapter 1 

10 

salinity aquaculture wastewater treatment. Lymbery et al. (2006) used a pilot-scale CW with 

Juncus kraussii to study the removal efficiency of NaCl, total N and total P under high and low 

salinity/nutrients (salinities ~7 and 25, were created using sodium chloride and different nutrient 

loads using the filtrate from a recirculating freshwater rainbow trout culture). Nutrient loads did 

not affect plant growth, however high salinity was found to decrease plant growth and therefore 

the authors suggest that other plants with higher salinity tolerance should be investigated.  

In fact, several salt tolerant plants - halophytes – have been cultured in saline 

environments. Miyamoto et al. (1996) studied the production of four halophytes (Atriplex 

nummularia, Distichlis palmeri, Batis maritima, and Suaeda esteroa) in brackish and seawater 

conditions while Noaman and El-Haddad (2000) used six other halophytes (Spartina sp., 

Distichlis palmeri, Paspalum vaginatum, Juncus roemerianus, Salicornia bigelovii and Batis 

maritima), results obtained indicated the potential for those halophytes to grow productively. 

Also Ventura et al. (2010, 2011a, 2011b, Ventura and Sagi in press) carried out experimental 

work regarding the culture Salicornia sp. and Sarcocornia sp. plants in relation to different 

aspects of halophyte cultivation for economic vegetable production (e.g. addition of 

molybdenum, varying salinity, varying day length, harvest regimes). 

Brown et al. (1999), grew three halophytic species (Sueda esteroa, Salicornia bigelovii, 

Atriplex barclayana), the plants were irrigated using aquaculture effluent from an intensive 

tilapia aquaculture with added NaCl in order to make three salinity treatments (0.5, 10 and 35), 

overall the plant–soil system removed 98% and 94% of the applied total and inorganic N, 

respectively. On another study CWs planted with Sarcocornia fructicosa and Arundo donax 

removed 31 to 89 % of NH4
+ 

and 41 to 90 % of the Total Kjeldahl Nitrogen (TKN) in highly 

saline tannery wastewater (Calheiros et al. 2012). And a study with Spartina alterniflora CW 

treating effluent from a Litopeneaus vannamei RAS presented 51 % TN, 82 % NH4
+
 removal 

efficiency (Sousa et al. 2011). Webb et al. (2012) carried out research work on the integration of 

S. europaea CWs with commercially-operated fish and shrimp farm. At inlet dissolved inorganic 

N concentrations between 93 and 439 μmol l
-1

, the CW removed 97 to 100 % TDIN, while at 

higher N loading the removal efficiency was reduced to 30 to 58 %. Over the whole 

experimental period CWs removed in total 1.28 ± 0.05 mol N m
-2

, from which 85% was retained 

in plant tissues. 

N removal will depend on many factors, such as type of system (Redding et al. 1997, 

Cerezo et al. 2001, Vymazal 2005) microbial assemblages (Weisner et al. 1994, Redding et al. 

1997, Tanner 2001, Greenway 2007), type of sediment or hydroponic technique  (Hunter et al. 

2001, Yang et al. 2001, Lennard and Leonard 2006), flow rates and water residence type (Knight 
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et al. 2000, Hunter et al. 2001, Rousseau et al. 2008 and references therein). Nevertheless, the 

removal of N from the system will ultimately be dependent on the capacity of the plants to 

produce harvestable biomass and take up N. 

 

 

Plant growth and nitrogen uptake 

Plants are tightly coupled to the environment, their growth is influenced by almost any 

environmental factor (Ting 1982). Nitrogen is a nutrient element that is central to plant growth 

because it is a component in substances such as proteins, enzymes, coenzymes, chlorophyll, 

nucleic acids, and nucleotides and nucleosides (Gauch 1972, Bannister 1976, Haynes 1986).  The 

way in which factors (including N) influence plants growth, although widely studied, is 

uncertain. Liebig in 1843 first proposed the “Law of the Minimum”, only the addition of the 

factor which is most limiting will influence growth (Gauch 1972, Ting 1982). Liebig only 

considered nutrients effects and stated that one limiting factor conditioned plant growth and that 

plant growth was directly proportional to that factor. On the other hand, in 1909, Mitsherlich’s 

popularizes the “Law of Diminishing Returns”, in which a much larger increase in growth is 

obtained if the factor under consideration is far from adequate, as compared with the increase if 

that same factor is nearly adequate. 

 In addition to growth, elemental tissue analysis is becoming more common to assess 

limiting nutrients in plants. Tissue analysis presumes that the concentration of an element in a 

plant is a reliable indicator of the availability of that element in the environment in which the 

plant grew (Gerloff and Krombholz 1966). Ridge (1991) describes the relation of external N 

concentrations with the N content in tissues, net N accumulation and growth rate in a typical 

nutrient responsive-plant. When N supply is very low N content increases as N supply increases. 

Then, N content reaches a plateau and remains constant even though growth can still be N-

limited. Only in N-toxicity conditions is that plateau is exceeded and tissue increase in N content 

occurs. According to Ridge (1991) luxury uptake of major nutrients rarely occurs, that is to say, 

plants rarely take more N than they need when nitrogen supply is high. 

 Different hypotheses have been suggested for N content in plants in relation to high N 

supply. However, little evidence exists to support the theories in relation to N concentration 

above the critical value. Smart and Barko (1980) indicate an increase in N content after critical 

concentrations, they showed that Spartina alterniflora and Distichlis spicata have higher N 

content after biomass stops increasing at high N supply. Smart and Barko (1980) suggests that 
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that N critical concentration is exceeded when the availability of the nutrient exceeds the 

requirements of the plant and that luxury consumption can occur when the nutrient no longer 

limits growth. On the other hand Gallagher (1975), suggests that there is no increase in N content 

if plants (Spartina alterniflora and Juncus roenerianus) are not N limited even with increase in 

availability in exterior N. Some authors consider that very good growth conditions can result in a 

high growth rates and consequent dilution of N in plants tissues at high external N supply (e.g. 

Haynes 1986). 

 Both NH4
+
 and NO3

-
 can be actively taken up by plant roots. NO3

- 
taken up by the plants 

is reduced to NO2
-
 (catalysed by nitrate reductase, NR), and from NO2

-
 to NH4

+
 (catalysed nitrite 

reductase, NiR) (Guerrero et al. 1981, Siddiqi et al. 1990, Kronzucker et al. 1995, Forde 2000). 

NH4
+
, taken up by roots, or resulting from NO3

-
 reduction, is converted first to glutamine by the 

action of glutamine synthetase (GS) and then to glutamate by the action of glutamate synthetase 

(GOGAT). These two amino acids are the precursors for the synthesis of the other amino acids 

as well as almost all nitrogenous compounds (Guerrero et al. 1981, Knoepp et al. 1993, Tischner 

2000, Guo et al. 2007).  

 Several plant species have high N uptake rates and vigorous growth when supplied with 

NH4
+
 (Wang et al. 1993, Tylova-Munzarova et al. 2005, Fang et al. 2007a, Jampeetong and Brix 

2009a, Konnerup and Brix 2010, Kudo and Fujiyama 2010, Jampeetong et al. 2012b). 

Conversely, many plant species develop symptoms of toxicity when supplied with NH4
+
, that are 

not detected when plants are grown with the same concentration of NO3
-
 or in mixed N nutrition. 

NH4
+
 toxicity symptoms, observed in a variety of plant species, include high mortality, chlorosis, 

necrotic lesions, increased shoot : root ratio, and growth reduction (Raab and Terry 1994, Lasa et 

al. 2001, Britto and Kronzucker 2002, Guo et al. 2002, Houdusse et al. 2005, Kant et al. 2007, 

Dominguez-Valdivia et al. 2008, Garnica et al. 2009, Ventura et al. 2010, Borgognone et al. 

2012). 

 Moreover, it has been recognized that various plant species have the capacity to take up 

organic N. Amino acid uptake has been observed in many plants (Kielland 1994, Schimel and 

Chapin 1996, Näsholm et al. 2000, 2001, Bardgett et al. 2003, Henry and Jefferies 2003b, a, 

Nordin et al. 2004, Warren 2006, Warren and Adams 2007, Ge et al. 2009, McFarland et al. 

2010, Mozdzer et al. 2010, Hill et al. 2011a, Hill et al. 2011b, Mozdzer et al. 2011).  Several 

amino acid transport systems have been identified in roots, both low and high affinity and with 

different selectivity (neutral, acidic and basic amino acids). Even though the role of some of 

those transporters is still unknown some other have proved to be associated with organic 

molecules uptake by plant roots (Fischer et al. 1998, Rentsch et al. 2007, Näsholm et al. 2009b). 
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 Whereas lower rates of individual amino acid-N uptake, compared to both NH4
+
 and 

NO3-N uptake, have been reported for some plants (Näsholm et al. 2000, Ge et al. 2009), other 

plants species show no difference in uptake between the inorganic and organic N forms 

(Näsholm et al. 1998, Näsholm et al. 2000, Henry and Jefferies 2002, Bardgett et al. 2003, Henry 

and Jefferies 2003b), or even have a higher amino acid-N uptake than both NH4-N and NO3-N is 

observed (Raab et al. 1996, Persson et al. 2006, Stoelken et al. 2010). And most commonly 

amino acid-N uptake was observed to be higher than NO3-N and lower than NH4-N uptake 

(Falkengren-Grerup et al. 2000, Öhlund and Näsholm 2001, Thornton 2001, Henry and Jefferies 

2003a, Warren 2006, Warren and Adams 2007, Mozdzer et al. 2010). In some cases preferences 

for each N form are thought to vary accordingly to the abundance of each N form in the plants 

natural habitats, i.e. plants show preference for the N form typically more abundant on their 

habitat (Nordin et al. 2001, Bardgett et al. 2003, Kielland et al. 2006, Miller et al. 2007). 

Nonetheless other studies did not identify a correspondence between the more abundant N form 

in plants habitats and their preference (Streeter et al. 2000, Warren 2006). Also, inter-specific 

differences have been observed between plants from the same habitat (Miller and Bowman 2003, 

Miller et al. 2007, Harrison et al. 2008, Mozdzer et al. 2010, Hill et al. 2011a) that may in fact 

indicate advantage for some plant species in competing with other plants for N acquisition. 

 It has recently been demonstrated that several plants can take up N in form of small 

peptides (Komarova et al. 2008, Paungfoo-Lonhienne et al. 2008, Hill et al. 2011a, Hill et al. 

2011b). Hill et al. (2011a) observed that Deschampsia antarctica in solution took up NH4-N 

faster than any other form of N tested, namely alanine, dialanine, trialanine, tetralanine and NO3
-
, 

and uptake of tetralanine-N was faster than that of alanine, dialanine and NO3-N. In contrast,  

sterile wheat took up N as L-alanine, L-trialanine and NH4
+
 at higher rates than as D-alanine, and 

NO3
-
 at the lowest rate of all (Hill et al. 2011b). 

 It is argued that even though plants have the capacity to take up intact organic N, the rate 

they do so will greatly depend on how plants can access the N. When in soil, the rate that N is 

available to plants will depend in part on the N diffusion rates - spontaneous migration of N from 

high to low N concentration areas– to the N depleted area around the root. Diffusion rates vary 

depending on the N form, in general diffusion rates decrease with molecular mass but also with 

tendency to adsorption to the soil particle (Näsholm and Persson 2001). Also competition with 

microbes for the same substrate can limit N availability to plants (Owen and Jones 2001, 

Bardgett et al. 2003, Jones et al. 2005a, Harrison et al. 2007). Because organic molecules are 

good C and N sources for microbes, these may outcompete plants and only inorganic N in excess 

of microbial requirements would be available to plants. On the other hand, some studies 
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conclude that in short term, plants are outcompeted by microbes for inorganic N as well as for 

organic N (Hodge et al. 2000a, Lipson and Nasholm 2001, Bardgett et al. 2003, Harrison et al. 

2007, 2008), and the fact that plant uptake of intact organic N has been verified in several 

situations while plants are in competition with soil microbes indicates that at least in some 

situations plants can access organic N in the presence of soil microbes (Näsholm et al. 1998, 

Näsholm et al. 2000, 2001, Bardgett et al. 2003, Henry and Jefferies 2003b, Ge et al. 2009, 

Sauheitl et al. 2009). When plant N uptake is measured in water solution the differences in 

availability due to dissimilarities N forms diffusion rates and microbe competition are 

significantly reduced. 

 Besides a plant’s physiological capacity for N uptake, several factors are known to 

influence N uptake, among those are: presence of NO3
-
 in solution (Crawford and Glass 1998, 

Cerezo et al. 2000, Glass et al. 2002); presence of NH4
+
 (De la Haba et al. 1990, Kronzucker et 

al. 1999, Ruan et al. 2007, Wang et al. 2010); plant N status (Morris 1980, Tylova-Munzarova et 

al. 2005, Fang et al. 2007a, Fang et al. 2007b, Konnerup and Brix 2010, Mozdzer et al. 2010); 

diurnal cycles (Clement et al. 1978, Raman et al. 1995, Macduff et al. 1997, Peuke and Jeschke 

1998, Tischner 2000); light (Haynes and Goh 1978, Naik et al. 1982, Campbell 1988, Lillo 1994, 

Lillo 2008); and temperature (Bassirirad 2000 and references therein, Dong et al. 2001, 

Calatayud et al. 2008). 

 

 

Halophytic plants 

Unlike glycophytes, halophytes are capable of surviving and reproducing in environments where 

the salt concentration is around 200 mmol l
-1 

NaCl or more (salinity ≥ 12) (Flowers et al. 1986). 

For growth plants need to take up water, and in saline environments in order to do so halophytes 

maintain their water potential below that of the external water potential by taking up salt ions 

(Na
+
, Cl

-
), and use different mechanisms to avoid toxic concentrations in the cells cytoplasm 

where salt sensitive biochemical processes take place (Flowers 1972, Greenway and Osmond 

1972, Stewart and Lee 1974, Albert 1975, Flowers et al. 1977, Koyro et al. 2008).  Plant 

mechanisms to prevent salt ions accumulation in cell cytoplasm, include: regulation of ion 

uptake, ion exclusion, ion compartmentalisation and production of osmotically active compatible 

solutes, including betaine, proline and glutamic acid (Flowers 1972, Flowers et al. 1977, Glenn 

et al. 1999, Khan et al. 2001, Flowers and Colmer 2008, Koyro et al. 2008). 
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 The salinity tolerance of halophytes makes them ideal candidates to integrate with 

brackish and marine aquaculture, however research needs to be focussed in halophytic plants 

with economic value that will perform well in such systems. Salicornia europaea, or samphire, 

and Aster tripolium, or sea aster, are two examples of plants that may potentially fulfil these 

requirements. 

 

 

Salicornia spp. 

Salicornia, or samphire, has a long history of human consumption as a fresh vegetable and 

pickled vegetable. Nowadays fresh succulent tips can be found in the UK retail market at about 

£2 per 100 g. And other commercial applications include the use in animal diets and feed (Glenn 

et al. 1991b, 1992, Attia et al. 1997, Belal and Al-Dosari 1999, Masters et al. 2007, Bechardas 

2008, Murama 2008, Rozema and Flowers 2008), therapeutic applications (Im et al. 2007), use 

in soap, detergents and lubrication industries (Eganathan et al. 2006), and applications in the 

cosmetic and nutraceutical industries (Envirophyte 2009).  

 Several saline irrigated agriculture explorations planted with Salicornia have been 

created, and both forage and oilseed crop obtained are comparable to those obtained from 

conventional forage crops (Glenn and O'Leary 1985, Glenn et al. 1991b, Troyo-Diéguez et al. 

1994, Glenn et al. 1999, U.S. Department of Agriculture. 1987 in Jagtap et al. 2002, Glenn et al. 

in press).  Additionally Salicornia has already been shown to grow well and to be capable of 

high N removal in CWs treating aquaculture wastewater (Bunting and Shpigel 2009, Webb et al. 

2012), and to provide regular supply of fresh succulent tips by repeated harvesting during the 

growing season (Cleall-Harding 2008, Bunting and Shpigel 2009, Ventura et al. 2011a, Webb et 

al. 2012). 

 Salicornia spp. (Chenopodiaceae) are succulent leafless annual (although some 

Salicornia spp. can live more than a year in the subtropics) halophytes which can tolerate highly 

saline environments, occurring commonly in coastal salt marshes and inland salt pans. Its 

taxonomy is very complex due to the great phenotypic plasticity and inbreeding (Davy et al. 

2001, Kadereit et al. 2007). Nonetheless, Stace (1997) recognizes: Salicornia pusilla J. Woods, 

S. europaea L. agg. (S. ramosissima J. Woods, S. europaea L. and S. obscura P.W. Ball and 

Tutin) and S. procumbens Smith agg. (S. nitens P.W. Ball and Tutin, S. fragilis P.W. Ball and 

Tutin and S. dolichostachya Moss). It is then possible that only three species (S. pusilla, S. 

europaea agg. and S. procumbens agg.) should be recognized Stace (1997) (Davy et al. 2001). 
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Salicornia spp. is worldwide distributed, in the European coast the distribution can be cautiously 

attributed to S. europaea agg. (Davy et al. 2001). 

 In Salicornia plants the stem is articulate and branches are opposite, both are composed 

of short, cylindrical or clavate internodes, each with a succulent, photosynthetic covering (Davy 

et al. 2001, Kadereit et al. 2007, http://www.floraiberica.org/floraiberica 

/texto/pdfs/02_052_17_Salicornia.pdf). Salicornia has a normal root system which can be more 

or less extensive depending on different environmental factors (Davy et al. 2001). 

 Vegetative growth occurs by the addition of new stem segments and lateral branches 

development (Davy et al. 2001). With the addition of new succulent segments, the succulent 

covering of the lower internodes diminishes, turning to woody portions (Kadereit et al. 2007). 

Salicornia presents allometric vegetative growth, with growth terminating with the reproductive 

phase, i.e. the production of fertile segments at the ends of all branches (Davy et al. 2001, Quintã 

2007, Cleall-Harding 2008). Flowering can start as early as July, and it is followed by the 

production of seeds after which the plants shed, usually between September and November 

(Davy et al. 2001, personal observation). 

 Seeds germination typically occurs in late winter, early spring, and it is probably 

triggered by lower external salinity (Ungar 1978, Pujol et al. 2000). In experimental conditions 

the germination of the Salicornia appears to be maximal in non-saline conditions (Ungar 1978, 

Flowers et al. 1986, Khan et al. 2000, MENTERRA 2007). Vegetative growth follows 

germination, and is affected by a number of environmental factors. 

External salinity is a major factor influencing Salicornia growth, Halket (1915) reported 

maximum growth of S. ramossisima seedlings at salinity of 10, compared to plants growing in 

freshwater or at salinity 20-50 (Davy et al. 2001). Subsequent works using several Salicornia 

species report consistently better growth and/or survival rate of Salicornia plants at several 

external salinities comparing to freshwater(or salinities below 2) (Flowers et al. 1977, Cooper 

1982, Flowers et al. 1986, Keiffer et al. 1994, Ayala and O'Leary 1995, Noaman and El-Haddad 

2000, Shimizu 2000, Shimizu et al. 2003, Moghaieb et al. 2004, Ushakova et al. 2005, Shimizu 

et al. 2006, Ushakova et al. 2006, Cleall-Harding 2008, Balnokin et al. 2010), though Silva et al. 

(2007) reported maximum growth in S. ramosissima to be in freshwater with slightly lower 

growth at salinity of 12.5, and further decrease in growth rates salinities of 25 and 37.5. And 

although Salicornia can withstand salinities above that of seawater (Cleall-Harding 2008, 

Aghaleh et al. 2009, Balnokin et al. 2010, Sulian et al. 2012), the optimum conditions of growth 

are often reported to be within salinities 6 and 30 (Flowers et al. 1977, Flowers et al. 1986, 
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Keiffer et al. 1994, Ayala and O'Leary 1995, Noaman and El-Haddad 2000, Ushakova et al. 

2005, Cleall-Harding 2008, Balnokin et al. 2010, Aghaleh et al. 2011, Sulian et al. 2012). 

In relation to Salicornia nutrient requirements, as for vascular plants in general 

macronutrients including N and P, and micronutrients are necessary for growth. Valiela and Teal 

(1974) and Boyer et al. (2001) found that adding P (phosphorus) did not result in biomass 

responses in S. virginica concluding that plants were not limited by P. Webb (2005) examined S. 

dolichostachya response to several P concentrations (~0, 1.4 and 2.9 mmol l
-1

) and found that P 

availability was not limiting plants growth. Though Alsaeedi and Elprince (2000) registered 

several P deficiency symptoms at P supply below 0.03 mmol l
-1

, and optimum growth at a 

concentration of 0.97 mmol l
-1

, therefore concluding that P can be limiting to S. bigelovii growth. 

Also Piggot (1969) reported some growth response of S. europaea to additions of P. 

In contrast, several studies indicate that N availability is clearly a factor limiting 

Salicornia growth. Piggot (1969), Stewart et al. (1973) and Loveland and Ungar (1983) reported 

biomass increase in S. europaea plants fertilized with N in salt marshes. Boyer et al. (2001) have 

also reported biomass increase with increase of N availability in S. virginica, together with an 

increase succulent tissue biomass. Besides the fertilization in the plants natural habitat, Piggot 

(1969), Jefferies (1977) Webb (2005) and Kudo and Fujiyama (2010) growing Salicornia plants 

in greenhouses reported an increase in biomass with N addition. While there is a consensus in 

relation to N limitation to Salicornia plants growth the critical N supply is not yet known. Webb 

(2012) observed an increase in above-ground growth of S. europaea irrigated daily for a short 

period, with an increase in N concentration up to 4 mmol NH4
+
 l

-1
 (0, 2, 4 mmol l

-1
), and no 

further increase at 6 mmol l
-1

. Quintã (2007) found no consistent differences in S. europaea 

growth across different N concentrations, when plants were irrigated only during 5h per day with 

2, 4, 6 or 8 mmol NO3
-
 l

-1
 solution. 

Besides the N amount, also the form supplied has been shown to influence Salicornia 

growth, for instance Ushakova et al. (2006) compared S. europaea productivity under urea-N 

and NO3-N supply and found a higher biomass accumulation with urea addition. Ventura et al. 

(2010) compared S. europaea growth between NH4
+
 and NO3

-
 supply (5 mmol l

-1
) and observed 

lower growth when only NH4
+
 was supplied, though Jefferies (1977) observed no differences in 

S. europaea growth when supplied with NH4
+
 and NO3

-
 (100 µmol l

-1
). In contrast, Kudo and 

Fujiyama (2010) observed better growth of Salicornia bigelovii grown on NH4
+ 

compared to 

NO3
-
, for concentration 1-3 mmol l

-1
 and no differences at 4 mmol l

-1
. 

Other factors such as plants density (Ellison 1987, Davy et al. 2001), submergence time 

(Cooper 1982, Boorman et al. 2001), irrigation volume (Miyamoto et al. 1996, Glenn et al. 1997, 
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Brown et al. 1999, Noaman and El-Haddad 2000) and light intensity (Tikhomirova et al. 2005, 

Ushakova et al. 2005, Ushakova et al. 2006) have been shown to also influence Salicornia 

growth. 

 

 

Aster tripolium 

Aster tripolium, or sea aster, can be used for food, as a fresh or cooked vegetable. In certain areas 

a high demand exists, and there are consumers who eat A. tripolium leaves 2 to 3 times a week 

(Beeftink et al. 1982) and this species has already been cultivated in pilot schemes in the 

Netherlands, Belgium, Portugal and Pakistan (Geissler et al. 2009a and references therein). 

Currently it is available as a fresh vegetable in UK supermarkets at a price of about £3.00 per 

100g. A. tripolium has also the potential to be used in animal diets and feed, and as an 

ornamental plant (Ramani et al. 2006, Geissler et al. 2009a and references therein). Other Aster 

species are already commercially grown for cut flower production, or are of medicinal interest, 

being used for example in the relief of coughs and as an expectorant, furthermore the plant may 

possess diuretic, antitumor, antibacterial, antiviral and anti-ulcer proprieties (Wallerstein et al. 

1992, Ng et al. 2003 and references therein). 

 The genus Aster (Asteraceae/Compositae) includes many different species, however only 

A. tripolium is a halophyte. A. tripolium is a biennial to short-lived perennial species 

characterized by fleshy leaves and light-purple flowers (Clapham et al. 1942, Brock et al. 2007). 

It grows naturally in brackish water environments, and occurs typically in the upper saltmarsh 

but also on cliffs and rocks near the sea, and in inland saline areas (Clapham et al. 1942, Ramani 

et al. 2006, Brock et al. 2007, Uno et al. 2009). It has a wide world distribution, and is frequent 

in most of the European coast (Clapham et al. 1942, Brock et al. 2007, Uno et al. 2009). A. 

tripolium presents large morphological differences across habitats, and different A. tripolium 

varieties, ecotypes or subspecies have been described (Clapham et al. 1942, Huiskes et al. 1985, 

Stienstra 1986, Sági and Erdei 2005). 

 In A. tripolium plants the leaves are alternate, and a rhizome supports numerous 

adventitious roots (Clapham et al. 1942). During winter leaves remain just above soil (Clapham 

et al. 1942). Plants flower for the first time in their second year, producing spray-type, light-

purple flowers, usually between July and October (Clapham et al. 1942, Uno et al. 1996). Plants 

produce large numbers of fruits (achenes) that are dispersed principally by wind, and the seeds 

germinates from March onwards (Clapham et al. 1942, Brock et al. 2007). Germination rates 
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decrease with salinity (Clapham et al. 1942). Besides reproduction by seed A. tripolium is also 

able to reproduce via rhizome vegetative propagules (Clapham et al. 1942, Brock et al. 2007). 

External salinity is a major factor influencing A. tripolium growth, in fact it is sometimes 

referred to as a facultative halophyte, since it can grow in non saline habitats and shows optimum 

growth consistently at low salinities (Clapham et al. 1942, Larher et al. 1982, Shennan et al. 

1987a, Lenssen et al. 1995, Kerstiens et al. 2002, Carvalho et al. 2003, Ramani et al. 2006, 

Brock et al. 2007, Geissler et al. 2010).  Hardly any information is available in relation to A. 

tripolium nutrient requirements, with the exception of two works comparing plant performance 

with N supplied as NH4
+
 or NO3

-
, and in both cases NO3

-
 supply resulted in higher plants growth 

(Jefferies 1977, Sági and Erdei 2005). 

 

 

Aims 

 

This work sets out to investigate several aspects of Salicornia europaea and Aster tripolium 

growth and N uptake in order to gain a better understanding of the potential to include these 

plants in brackish and marine IMTA. The specific objectives of this thesis are to investigate: 

 

 Growth and inorganic N uptake in S. europaea and A. tripolium under different harvest 

regimes under ambient conditions 

 

 Growth and inorganic N uptake in S. europaea and A. tripolium at different 

concentrations and nitrogen forms, under controlled experimental conditions 

 

 Growth and inorganic N uptake in S. europaea and A. tripolium under response to 

varying environmental parameters 

 

 The potential for uptake of organic N by S. europaea and A. tripolium. 

 

In order to address the objectives mentioned a range of hypotheses are tested in the chapters 1 

through 6 of the present report, using plant biomass, N content and stable isotopes labelling. The 

key hypotheses investigated are: 



Chapter 1 

20 

 

Chapter 2 – Plant growth rate and N content increases with increasing N concentration up to N 

sufficiency value, and that S. europaea N sufficiency value is below 2 mmol NO3
-
 l

-1
 continuous 

supply. 

 

Chapter 3 – S. europaea and A. tripolium plants, under non-limiting nutrient supply, will 

decrease biomass production with introduction of routine cropping, and therefore decrease the 

amount of NH4-N and NO3-N removed from water. 

 

Chapter 4 – S. europaea and A. tripolium growth is lower when N is supplied as NH4
+
 

comparing to NO3
-
 or NH4NO3; plant N uptake rates at different supply concentrations follow 

the Michaelis-Menten model; NH4–N uptake rates are higher than NO3-N uptake at similar N 

concentrations; NO3-N uptake is inhibited by the presence of NH4
+
 in solution, while NH4–N 

uptake is not inhibited by NO3
–
; plants receiving continuous supply of N express higher N uptake 

rates than plants N starved for 48h. 

 

Chapter 5 – S. europaea performs better at medium and high salinities, while A. tripolium 

performs better at low and medium salinities (biomass production and NH4-N and NO3-N 

uptake). Increasing irradiance and temperature, increases NH4-N and NO3-N uptake. 

 

Chapter 6 – S. europaea and A. tripolium plants have the capacity to take up organic N (as 

amino acid and peptides) at rates comparable to that of inorganic N uptake. In a hydroponic 

system the amino acid and peptide N is mainly taken up as intact organic molecules, while when 

growing in soil the % of intact uptake will be lower due to higher competition with microbes. 



 

 
 

 

 

 

 

 

 

 

 

 

 

Chapter 2  - Growth responses of 

Salicornia europaea to varying nitrate 

concentrations 
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Introduction 

Ammonia plus ammonium, NH3 + NH4
+
, (hereafter NH4

+
)  is often the main DIN form occurring 

in aquaculture wastewater (Lefebvre et al. 2001, Porrello et al. 2005, Webb et al. 2012) and it is 

toxic to fish (Handy and Poxton 1993) therefore, when recirculation back to the culture tanks is 

required nitrification bacterial biofilters are routinely used in water treatment (Hagopian and 

Riley 1998, Chen et al. 2006, Malone and Pfeiffer 2006). Despite solving the immediate problem 

of the NH4
+ 

toxicity to fish, bacterial biofilters do not remove N from the system and result in the 

accumulation of NO3
- 
and its subsequent release to the surrounding environment. NO3

-
 is only 

toxic at relatively high concentrations (reference concentrations between 7 and 70 mmol l
-1

 for 

different species) (Blancheton 2000, Lyssenko and Wheaton 2006a, b), but even at much lower 

concentrations it can cause eutrophication in waters influenced by discharges (Pillay 1992, Wu 

1995). One approach for DIN removal from wastewater is the use of Integrated Multi-Trophic 

Aquaculture (IMTA). In IMTA the culture of fish or shrimps can be integrated with culture of 

organisms that extract dissolved inorganic nutrients (seaweed/plants) in the way of  balancing the 

dissolved nutrients wasted in one unit with the need for nutrients input in the other (Chopin et al. 

2001). With this approach the cultured algae or plant can provide extra commercial crops, 

directly providing the producer with product diversification and associated profit, and actively 

remove N from the aquaculture system. 

A wide range of macroalgae and higher plants are used routinely in the treatment of  

freshwater aquaculture wastewater (McMurtry et al. 1997, Schulz et al. 2004, Henry-Silva and 

Camargo 2006, Al-Hafedh et al. 2008, Henry-Silva and Camargo 2008, Zachritz et al. 2008) and 

also for urban wastewater treatment (reviewed in Vymazal 2008). In the context of brackish and 

marine aquaculture several macroalgae have been shown to perform well in IMTA, providing 

high N removal while generating commercial crop (reviewed in Troell et al. 1999, Neori et al. 

2004, Bunting 2008). However, comparatively less attention has been given to the use of higher 

plants, and halophyte plants can be included in such systems since they thrive in brackish and 

saline environments (Brown et al. 1999, Lin et al. 2003, 2005, Ventura et al. 2011a, Webb et al. 

2012, Buhmann and Papenbrock in press). 

Salicornia spp., (samphire) are annual halophytic plants with a wide geographical 

distribution (Davy et al. 2001) that have a long history of human consumption as both a fresh 

and pickled vegetable. S. europaea fresh succulent tips can be found in the UK retail market at 

about £ 2 per 100 g and it can also be used in a wide range of other commercial applications, 
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including the use in animal diets and feed (Glenn et al. 1991b, 1992, Attia et al. 1997, Belal and 

Al-Dosari 1999, Masters et al. 2007, Bechardas 2008, Murama 2008, Rozema and Flowers 

2008), and applications in the cosmetic and nutraceutical industries (Envirophyte 2009). 

Additional to its high economic value, S. europaea has already been shown to grow well and to 

be capable of high N removal efficiency in aquaculture wastewater, and a regular supply of fresh 

succulent tips can be obtained by repeatedly harvested during the growing season (Ventura et al. 

2011a, Webb et al. 2012), and is therefore a plant of interest to use in IMTA. 

 In order to build a balanced IMTA system, the performance of the selected extractive 

organism in terms of N removal and production, needs to be accurately predicted. Nitrogen is 

essential to plants as a constituent of amino acids, proteins, nucleic acids, enzymes, and other 

cellular constituents, and therefore plant growth is closely related to N supply (Gauch 1972, 

Bannister 1976, Haynes 1986). Several studies indicate that N availability can be a limiting 

factor for Salicornia sp. growth (Piggot 1969, Stewart et al. 1973, Valiela and Teal 1974, 

Jefferies 1977, Jefferies and Perkins 1977, Loveland and Ungar 1983, Boyer et al. 2001, Costa, 

1992 in Davy et al. 2001, e.g. Boyer and Fong 2005, Webb 2005).  Piggot (1969), Stewart et al. 

(1973) and Loveland and Ungar (1983) consistently reported biomass increase in S. europaea 

plants fertilized with N in salt marshes, indicating a N limitation in those situations. As well, 

Jefferies (1977) and Webb (2012) cultivated S. europaea receiving different N concentrations 

(added as NO3
- 
and NH4

+
 respectively) and reported increased growth in the shoots with increase 

in N supply. On the other hand, Quintã (2007) found no differences both in S. europaea growth 

across different NO3
- 

treatments and in the shoot:root ratio across N treatments, though it is 

widely accepted that although roots may increase following N additions the shoot:root ratio 

increases with increasing N supply. The explanation put forward by Valiela et al. (1976) is that 

plants produce only enough roots to process needed N. 

 It is also commonly assumed that the concentration of an element (such as N) in a plant is 

a direct result of the supply of that element to the plant while limiting, ie. the tissue concentration 

increases with external concentration of the element until it reaches a plateau that translates the 

plant sufficiency value – after which the element is no longer limiting for the plant growth 

(Gerloff and Krombholz 1966, Ridge 1991). However plants capable of N luxury uptake have 

also been observed, in which cases plant N content increases even after external N 

concentrations are above the of sufficiency value (Smart and Barko 1980). So far few studies 

have investigated N content of S. europaea: Loveland and Ungar (1983) found shoot N 

concentrations to be inversely related to the growth response to fertilization. Webb (2012) 

observed a lower N content in plants grown with the lower NH4
+
 supply (~0 mmol l

-1
), in 
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relation to all other treatments, but no consistent differences between N content of plants grown 

in the 2, 4 and 6 mmol l
-1

 treatments. Quintã (2007) showed that there were no differences in 

respect to S. europaea N content across N supply treatments, and as previously described no 

growth differences were observed in this study either. 

The present works sets out to investigate S. europaea responses to increasing NO3
– 

continuous supply in order to better understand the use of S. europaea plants in IMTA systems, 

specifically by identifying N limiting supply, maximum plants growth and maximum N removal. 

Here it is hypothesized that plant final biomass, growth rate and N content increases with 

increasing N supply below that of N sufficiency value, and that S. europaea N sufficiency value 

is below 2 mmol NO3
-
 l

-1
 continuous supply. It is further hypothesized that, following repetitive 

harvest, tips re-grow increases with time as well as with increasing N supply. In order to test the 

mentioned hypotheses, S. europaea growth, N content and production of succulent tips in a 

repetitive harvest regime is investigated under different concentrations of NO3
– 

continuous 

supply (5 – 2000 µmol l
-1

). 

 

 

Methods 

Plants 

Fourth-generation S. europaea seeds, originating from the study by Webb et al. (2012) were 

stored at -20°C until used in the present experiments. Seeds were germinated in P576 plug trays 

with John Innes No.1 compost, continuously immersed in fresh water, in a laboratory with 

controlled air temperature (~30°C) and light (12h photoperiod, artificial light supply - 4 proGrow 

Syvania tubes) (Figure 2.1a). Two weeks after sowing seedlings were moved to a climate-

controlled greenhouse at the Henfaes Research Centre, Bangor University (16h photoperiod) 

(Figure 2.1b). 

 The water supply was changed to salinity of 10 (TROPICMARIN
TM

 artificial sea salt) 

and Phostrogen fertiliser (N:P:K 14:10:27 + trace elements; Bayer CropScience Ltd, Cambridge, 

UK) was added. The solution was frequently topped up with fresh water to compensate for 

evapo-transpiration, and fully replaced once a week. Five weeks after sowing plants were 

thinned out to one plant per plug. Seven weeks later, plants were individually transplanted from 

the trays (Figure 2.1 c and d) into the PVC tubes containing sand as described below. 
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 a)           b) 

   

 c)           d) 

   

Figure 2.1 – Salicornia europaea plants used in the experiment, from seed to transplant. a) at time of sowing, b) 2 

weeks later, c) 6 weeks later , d) 14 weeks later. 

 

 

Experimental setup 

For each of six N concentration treatments (5, 300, 80, 1200, 1500 and 1900 µmol l
-1

 added as 

NaNO3), plants were water grown in sand with a continuous solution supply, from a recirculating 

unit, each unit comprised of one tank (capacity ~200l) connected to three grey boxes (external 

dimensions: 60 cm length * 40 cm width * 32.5 cm depth) (Figure 2.2). A randomized block 

system of three blocks (I, II, III) was used. At the beginning of the experiment, 42 plants per 

treatment were individually transplanted from the P576 plug trays into PVC tubes (11 cm 

diameter, 30 cm depth) filled with concreting sand (Figure 2.2). The PVC tubes were previously 

lined with geotextile at the bottom, to avoid the loss of sand and to allow water circulation, and 

placed on top plug trays inside the grey boxes to allow better water circulation into the sand tube. 

 Water was continuously pumped with a 13w Hozelock Cascade 700 submersible fountain 

pump, from each separate tank into the grey boxes, with an automatic siphon draining water back 

to the tank when the lysimeter was full so that water level varied from 15 cm to 30 cm over a 

cycle of approximately 45 min). The solution in grey box was continuously aerated (Pond Air 

4800 pump). Irradiance, air and water temperature were recorded throughout the experiment 

(Onset Hobo pendant temp/light UA-002-64; Aquatic tinytag TG-3100; Temperature). Recorded 

light data, in lux, was converted to µmol PAR m
-2

 s
-1

, after calibration against Li-Cor 190SA 



Chapter 2 

27 

sensor calibration was obtained by taking readings at the same time with both sensors side by 

side (at different times of the day and weather forecasts) at the greenhouse (r
2
=0.92). 

 

 

a) 

 

 

b) 

 

Figure 2.2 – Experimental setup a) schematic representation, b) picture after plants were transplanted. 

 

 

Nutrient solution was made up to a salinity of 10 (TROPICMARIN
TM

 artificial sea salt), and 

included 0.1 ml l
-1

 Hoagland’s micronutrients solution, 500 µmol P l
-1

 added as NaH2PO4, and 

six different N concentrations. The NO3
-
 concentrations (added as NaNO3) used were based on 

previous work and on known fish farm waste concentrations (Llyn Aquaculture Ltd.). A 2 mol l
-1

 

solution was prepared and different volumes added to each tank at N nominal concentrations 

between 0 (no added N) and 2000 µmol l
-1 

(see results section for actual N concentrations). After 

the first two weeks, all the solutions were replaced twice a week to maintain nutrient 

concentrations. Filtered (0.45 µm) water samples were taken, both before and after each water 
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change, immediately frozen and later analysed for dissolved P and N. Dissolved inorganic 

phosphate (PO4
3-

), NO2
-
 and NO3

-
 were determined, in triplicate, using a 5–channel LACHAT 

Instruments Quick-Chem 8000 autoanalyzer after Grasshoff et al. (1983) and Hales et al. (2004). 

NH4
+
 was determined by fluorimetric method after Holmes et al. (1999) using HITACHI F2000 

fluorescence spectrophotometer. 

 In order to measure plant biomass at the beginning of the experiment (11
th

 June 2009 – 

day 162), 30 randomly selected plants were separated into root, shoot and tips. The roots were 

separated from the shoots by cutting them at the substrate level and the tips approximately 10 cm 

above that level (Figure 2.3). Each part of each plant was individually weighed (FW), dried at 

50°C and weighed again (DW). Every 3 weeks, between 29
th

 of July and 30
th

 of September (days 

210 and 273), 9 randomly-selected plants from each treatment (3 from each block) were removed 

from the system. These plants were separated into root, shoot and tips. Shoot and tips were 

weighed as above for both FW and DW. The roots were cleaned in order to remove any sand and 

then dried, and only DW was assessed for roots. The specific growth rate (g DW d
-1

) of the 

above-ground portion of plants was calculated by subtracting the initial above-ground logarithm 

biomass (day 162) from the final above-ground biomass logarithm (which included shoot 

biomass at the last harvest (day 273) and the total tips biomass produced during this period), and 

dividing the difference by the number of days between the two harvests. Additionally, all plants 

left in the system were cropped every three weeks (starting on 8
th

 July - day 190), the removed 

tips of each plant were weighed, FW and DW calculated as described above, and stored.  

 Three plants from the initial biomass samples and three plants from each treatment (one 

per block) from each harvest point were analysed for C and N content of root, shoot and tip 

tissue (Carbo Erba NA1500 Elemental Analyser CHNS-O). Tips from three plants from each 

treatment removed on 9
th

 of July were also analysed for C and N content. The samples were 

ground to fine powder using a power mill (Cyclotec 1093 Sample Mill, with a 1mm sieve) and 

stored in a dry environment. Initially, five subsamples of each part of one plant were analysed 

without acidification (samples weighed into tin caps) and five subsamples were acidified before 

analysis (200 µl of 2 mol l
-1

 HCl solution added to the pre-weighed samples in silver caps, and 

dried at 40°C for 48h). HCl is commonly used to remove any inorganic carbonates from the plant 

samples before elemental analysis. However, in the present study (see the results section) N 

content was reduced by acidifying the samples and thus it was decided not to acidify further 

samples for elemental analysis. 
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Figure 2.3 - Salicornia europaea schematic representation, root, shoot and tips as mentioned in this work. Adapted 

from http://www.floraiberica.es. 

 

 

Statistical analysis 

The differences in background NH4
+
 concentration and PO4-P, in solution after and before water 

changes and across NO3
-
 concentrations were tested using two way ANOVAs, after confirming 

homogeneity of variances (Levene’s test). In both cases interaction between the two factors 

tested was not significant and so the main effects (NO3
-
 concentrations and water change) are 

discussed. NO3
-
 concentrations, after and before water changes, for each NO3

-
 concentrations, 

were compared, using one way ANOVA test, after confirming homogeneity of variances 

(Levene’s test). Plant biomass, shoot, root and tips, as well as the N and C plants content were 

compared across the three blocks using ANOVA when homogeneity of variances was confirmed 

(Levene’s test), or Kruskal-Wallis Test when the variances were not equal. Since there were no 

significant differences between the 3 blocks, samples were pooled and analysed together. 

Correlation between the above-ground fresh and dry mass was investigated using Pearson 

product-moment correlation across the several NO3
-
 concentrations. Following a significant 

correlation, the nature of the relationship was investigated; linearity was confirmed using linear 

regression analysis and the obtained slopes compared using t-test after Bonferroni correction. 

Similar analysis was performed in relation to above-ground and root dry mass. Plant specific 

growth rate across NO3
-
 concentrations was analysed with one way ANOVA after confirming 

homogeneity of variances (Levene’s test). In relation to biomass, N and C content and N uptake, 

the effect of time (harvest day) and NO3
-
 concentrations were investigated using a two way 
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ANOVA when variances were homogeneous (Levene’s test). Following the two way ANOVA, 

when interaction between the two factors was not significant, Tukey (or Bonferroni for unequal 

number of samples) pairwise comparisons were performed to investigate the main effect of each 

factor. If interaction was significant pairwise comparisons were performed within each factor. In 

cases were required assumptions for two way ANOVA were not met the differences were tested 

in relation to the two factors separately, using either one way ANOVA (equal variances) or 

Kruskal-Wallis followed, respectively, by Tukey (or Bonferroni for unequal number of samples) 

or LSD post hoc tests. 

 All values are reported as means ± standard deviation. The level of p = <0.05 was 

considered as significant for all the statistical analysis performed. 

 

 

Results 

Environmental data 

Mean daily irradiance along the duration of the experiment was 280 ± 66 µmol PAR m
-2

 s
-1

 

(Figure 2.4a). Mean daily air temperature for the same period was 23.4 ± 1.9°C, while daily 

minimum mean was 16.1 ± 1.8°C, and the daily maximum air temperature 36.5 ± 4.7°C (Figure 

2.4b). Mean daily water temperature for the experimental period was 20.6 ± 1.5°C, while daily 

minimum was 18.8 ± 1.8°C, and the daily maximum air temperature 22.3 ± 1.6°C (Figure 2.4c). 

Salinity varied between 10.1 ± 0.1 after each water change and 10.3 ± 0.1 immediately before the 

following water change. 

 

 

Water nutrients 

Actual mean NO3
-
 concentrations

 
are presented in Table 2.1 in relation to each nominal target 

concentration. For every NO3
-
 treatment, the mean NO3

- 
concentrations after each water change 

were significantly higher than the concentrations before the water changes (p≤0.004) (Table 2.1). 

NO2
-
 concentrations were low during the whole experiment, 1.16 ± 1.64 µmol l

-1
, and is reported 

here combined with NO3
-
. NH4

+
 concentrations were low for all the samples, and there were no 

significant differences among treatments, but NH4
+
 concentrations after water changes, 1.16 ± 
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1.06 µmol l
-1

, were significantly higher than before, 0.90 ± 0.70 µmol l
-1 

(p=0.006). Similarly, 

PO4
3-

 concentrations were not significantly different across the NO3
-
 treatments, but were 

significantly higher after water changes (509 ± 66 µmol l
-1

) than before (480 ±49 µmol l
-1

, 

p<0.001). 

 

 

a) 

 

b) 

 

c) 

 

Figure 2.4 – Environmental data recorded during the experiment. a) Daily mean light irradiance (µmol PAR m
-2

 s
-

1
), b) daily mean (bold line), minimum (small dashed line) and maximum (dashed line) air temperature (°C), c) daily 

mean, minimum and maximum water temperature (°C). 
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Table 2.1 - Measured mean (± standard deviation) NO3
-
 concentration (µmol l

-1
) in solution for each NO3

-
 treatment 

before and after water changes and overall. 

Nominal NO3
-

concentration 

after change 

(new solution) 

before change 

(old solution) 
overall mean 

5 6.24 ± 2.23 0.85 ± 1.60 3.70 ± 3.75 

300 451 ± 70 171 ± 106 310 ± 166 

800 918 ± 128 609 ± 194 765 ± 228 

1200 1345 ± 207 1083 ± 228 1190 ± 267 

1500 1733 ± 193 1412 ± 241 1541 ± 302 

1900 2073 ± 286 1845 ± 254 1928 ± 317 

 

 

Plant growth 

Plants growing in the lower NO3
-
 concentration (5 µmol l

-1
) had 21% mortality during the 

experimental period, while no mortality was observed in any of the other NO3
-
 treatment. 

 Relationships of fresh and dry weight of the above-ground biomass (Figure 2.5) were 

linear (p<0.001, r
2
>0.938). The water content in plants from the lowest NO3

-
 concentration was 

lower, 78.9 ± 6.4%, than plants in all other treatments (p<0.001), which in turn had no 

significantly difference between them, 91.5 ± 1.0 %, 91.7 ± 0.9 %, 91.7 ± 0.9 %, 91.3 ± 1.3 %, 

91.7 ± 1.3 %, respectively for treatments 300, 800, 1200, 1500 and 1900 µmol l
-1

. 

 The above-ground to root biomass relationship in plants grown in the different NO3
-
 

concentrations was always linear (p<0.001, r
2
=0.6 concentration 5 µmol l

-1
, r

2
>0.82 other 

relationships). The slope of plants grown in 5 µmol N l
-1

, 1.4 ± 0.3, was lower than in all other 

treatments (p<0.001), which showed no significant difference between 300 to 1900 µmol l
-1

 

(Figure 2.6). 

 Plants grown in the 5 µmol N l
-1

 treatment exhibited a lower specific growth rate, 0.004 ± 

0.002 g DW d
-1

, than plants in all other  N (p<0.001), while there was no significant difference 

between any of the other treatments (Figure 2.7). 

 The root biomass on each harvest date, for NO3
-
 concentrations between 5 and 1900 

µmol l
-1

, is presented in Figure 2.8a. Although on the first harvest (day 210) there were no 

significant differences between the root biomass across NO3
-
 concentrations, on day 231 root 

biomass of plants grown in 5 µmol l
-1

 treatment, 0.647 ± 0.161 g DW, was lower than from 

plants grown at 800 and 1900 µmol l
-1

, respectively 1.59 ± 0.73 g DW (p=0.045) and 1.85 ± 0.62 

g DW (p=0.008). Additionally on days 252 and 273, root biomass was lower in plants grown in 
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the 5 µmol l
-1

 concentration than in all other N concentrations (p≤0.04). There were no 

significant differences in root biomass between any of the other N concentrations. Root biomass 

from plants in the 5 µmol N l
-1

 concentration was not significantly different across the several 

harvest days. For the other N concentrations root biomass increased with time, with root biomass 

on day 210 significantly lower than on day 273 for every N concentration (p<0.03), even though 

the increase in two consecutive harvests wasn’t always significant (Figure 2.8a). 

 

 

 

Figure 2.5 – S. europaea plants above-ground fresh and dry weight (g) relationships, different symbols for different 

solution NO3
-
 concentrations (µmol l

-1
) as in the legend. 

 

 

Figure 2.6 – S. europaea plants above-ground and root dry weight (DW g) relationships, different symbols for 

different solution NO3
-
 concentrations (µmol l

-1
) as in the legend. 
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Figure 2.7 – S. europaea plants above-ground specific growth rate (g DW d
-1

) in the different NO3
-
 concentrations. 

Means sharing a letter do not differ significantly. 

 

 

Shoot biomass (Figure 2.8b) was lower in plants grown at 5 µmol l
-1

, compared to all other N 

concentrations at each harvest (p<0.05), while there was no significant differences between the 

other N concentrations (Figure 2.8b). The shoot biomass in 5 µmol N l
-1 

was lower on days 210 

and 231 than on days 252 and 273 (p<0.009). For 300 to 1900 µmol N l
-1

 concentrations, shoot 

biomass on day 210 was lower than on days 252 and 273 (p<0.05). Additionally plants harvested 

on day 231 showed lower shoot biomass than on day 273 in case of 300, 800 and 1200 µmol N l
-

1
 treatments (p<0.05) (Figure 2.8b). 

 At 5 µmol N l
-1

 no regrowth was observed in the tips after the first crop (day 189) at 

which point the tip biomass per plant was 0.295 ± 0.116 g DW and significantly lower than tip 

biomass in the 800 to 1900 µmol N l
-1

 treatments (p<0.05) (Figure 2.9). At this harvest, tip 

production at 300 µmol N l
-1

 (0.394 ± 0.161 g DW) was significantly lower than at 1900 µmol N 

l
-1

 (0.546 ± 0.199 g DW, p<0.05). In 300 to 1900 µmol N l
-1

 treatments there was no significant 

difference in tip biomass between N concentrations for the remaining harvests. Tip biomass 

increased with time for every N concentration (300-1900 µmol N l
-1

), being lower on day 189 

than in every other harvest day (p<0.05). However, the increase in consecutive harvests was not 

always significant (Figure 2.9). 

 Tip production over the whole experimental period, the sum of all produced tips from 

each plant (Figure 2.10), was not significantly different in plants grown in NO3
-
 concentrations 

between 300 and 1900 µmol l
-1

. However, in all these treatments the tip production was 

significantly higher than in plants grown in the lowest NO3
-
 concentration (p<0.001). 
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  a) 

 
  b) 

 

Figure 2.8 – S. europaea plant biomass (g DW plant
-1

) at each harvest date, for NO3
-
 concentrations between 5-1900 

µmol l
-1

. a) root, b) shoot. Within each harvest day, means sharing a lowercase letter do not differ significantly. 

Within each N concentration, means sharing an uppercase letter do not differ significantly. 

 

 

Figure 2.9 – S. europaea tip biomass (g DW plant
-1

) at each harvest date, for NO3
-
 concentrations between 5-1900 

µmol l
-1

. Within each harvest day, means sharing a lowercase letter do not differ significantly. Within each N 

concentration, means sharing an uppercase letter do not differ significantly. 
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Figure 2.10 – S. europaea total tips biomass produced per plant (g DW plant
-1

) during the experiment, in each NO3
-
 

concentration (µmol l
-1

). Means sharing a letter do not differ significantly. 

 

 

Plant carbon and nitrogen content 

Initial results of C and N (mmol g
-1 

DW) content in 5 acidified and 5 non-acidifed plant samples 

are presented in Figure 2.11. For all tissues, tips shoot and root, the measured N content was 

higher when the samples were not acidified prior to analysis (p<0.001). There was no significant 

differences between C content between acidified and not acidified samples, both for tips and 

roots, however, C content was higher in the shoots of samples not acidified (p<0.001). 

According to these results (see discussion for explanation) it was decided to not acidify the 

samples before C and N content analysis, accordingly all the results following are from non-

acidified samples. 

 

 

a)           b) 

 

Figure 2.11 – Elemental content of S. europaea plants, tips shoot and root, in samples acidified (black bars) and not 

acidified (white bars) during preparation for analysis; a) nitrogen (mmol N g
-1

 DW), b) carbon (mmol C g
-1

 DW). 

For each tissue type, means sharing a letter do not differ significantly. 
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The N content in the plants sampled at the beginning of the experiment was higher in the tips, 

(4.58 ± 0.89 mmol N g
-1

 DW) than in shoots (2.54 ± 0.54 mmol N g
-1

 DW), and roots (2.33 ± 

0.16 mmol N g
-1

 DW) (p≤0.01). Although N content was not significantly different between 

shoots and roots. In plants sampled during the experimental period (Figure 2.12), overall N 

content was significantly different between all plant tissue types (p<0.001): It was lowest in the 

roots (1.52 ± 0.28 mmol N g
-1

 DW), followed by shoot (2.02 ± 0.51 mmol N g
-1

 DW) and tips 

(3.18 ± 0.57 mmol N g
-1

). 

 The N content in root tissue (Figure 2.12a) was lower in plants grown at 5 µmol N l
-1 

(1.00 ± 0.26 mmol N g
-1

 DW), than in all other concentrations (p≤0.001), while there were no 

significant differences between the N content in roots from concentrations 300 to 1900 µmol N l
-

1
. Root N content observed on day 252, 1.30 ± 0.29 mmol N g

-1
 DW, was significantly lower 

than on days 231 and 273, 1.52 ± 0.30 mmol N g
-1

 DW and 1.48 ± 0.24 mmol N g
-1

 DW, 

respectively (p≤0.033). 

 No significant differences were observed in shoot N content (Figure 2.12b) from all N 

treatments, between harvest days. The N contents in shoots grown at 5 µmol N l
-1

 were lower 

than in shoots from all other N  concentrations on days 210, 231 and 252 (p<0.001). However, 

on day 273 these were significantly lower compared to shoot N contents in plants grown at 1200, 

1500 and 1900 µmol N l
-1

. 

 Tip N content never varied significantly across the several N treatments, neither in the 

case of the tips cropped on day 189 from plants in 5 - 1900 µmol N l
-1

 concentrations, nor in 

remaining sampling days from plants in 300-1900 µmol N l
-1

 concentrations (Figure 2.12c). Tip 

N content (300 - 1900 µmol N l
-1

) was lower on day 189 than all other days (p<0.001), lower on 

day 273 than in days 210 and 231 and also lower on day 252 than on day 231 (p≤0.008). 

 

 

The C contents in the plants sampled at the beginning of the experiment were significantly 

higher in the roots (32.9 ± 0.8 µmol C g
-1 

DW), than in shoots (27.3 ± 2.3 µmol C g
-1

 DW), and 

tips (23.9 ± 0.3 µmol C g
-1

 DW) (p≤0.007), while the C contents were not significantly different 

between shoots and tips. The C contents from plants sampled during the experimental period are 

presented in Figure 2.13. Overall the C contents were different between the three plant tissues 

types (p<0.001): Root C contents were the highest (31.3 ± 2.3 µmol C g
-1

), followed by shoots 

(25.3 ± 2.6 µmol C g
-1

) and the tips had the lowest C contents (21.6 ± 2.7 µmol C g
-1

). 

 The C content was lower in roots from plants grown at 5 µmol N l
-1

 (29.3 ± 3.13 mmol C 

g
-1

 DW) than at 300 to 1200 and 1900 µmol N l
-1 

(p≤0.039), but not significantly lower than root 
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C content in plants grown at 1500 µmol N l
-1 

(Figure 2.13a). The C root content was lower on 

day 210 (29.4 ± 2.0 mmol C g
-1

 DW) compared to all other harvest days (p≤0.002). 

 Shoot C contents were higher in plants grown at 5 µmol N l
-1

 (30.2 ± 1.1 mmol C g
-1

 

DW) compared to every other N treatment (p<0.001). No other differences in shoot C contents 

were observed between N treatments. There were no significant differences between the C 

contents in shoots from the several sampling days.  

 The difference in tip C contents between N treatments was not significant (Figure 2.14c). 

However, tip C for 300 - 1900 µmol N l
-1

 concentrations varied with time, with higher C 

contents being measured on days 189 and 273 than on the remaining harvest days (p<0.001). 

 

 

The C:N ratio in plant tips sampled at the beginning of the experiment (5.33 ± 1.21) was 

significantly lower than both shoot and roots (11.2 ± 3.0 and 14.2 ± 1.3, respectively; p≤0.03). 

The C:N ratio in plants sampled during the experimental period ( Figure 2.14) was different 

across the three tissues (p<0.05): lower in tips (7.21 ± 2.62) followed by shoots (14.4 ± 7.6) and 

highest in roots (22.8 ± 5.0). 

The C:N ratio in root tissue (Figure 2.14a) was higher in the 5 µmol N l
-1

 treatment compared to 

all other N concentrations (p<0.001), and no further significant differences were observed in root 

C:N ratio between the different N concentrations. A higher root C:N ratio was measured on day 

252 (26.0 ± 5.8) compared to every other sampling date (p≤0.001), while there were no 

significant differences between the other days. 

 Shoot C:N ratio (Figure 2.14b) was higher in plants grown at 5 µmol N l
-1

 treatment than 

in any other treatments (p<0.001), while there was no significant differences among the shoot 

C:N between the other concentrations. The C:N ratios in shoots were not significantly different 

between the harvest days. 

 The C:N ratios in tips (Figure 2.14c) were not significantly different between N 

treatments. Tip C:N ratios were higher at the first and last harvests, respectively 10.0 ± 2.2 and 

7.45 ± 0.83, than on days 210, 231 and 252 (p≤0.024). 
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 a) 

 
b) 

 
 c) 

 

Figure 2.12 – Nitrogen content of S. europaea plants (mmol N g
-1

 DW), in a) root, b) shoot, c) tips, for plants 

grown at NO3
-
 concentrations between 5-1900 µmol l

-1
. Within each harvest day, means sharing a lowercase letter 

do not differ significantly. Within each N concentration, means sharing an uppercase letter do not differ 

significantly. 
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 a) 

 
 b) 

 
 c) 

 
Figure 2.13 - Carbon content of S. europaea plants (mmol C g

-1
 DW), in a) root, b) shoot, c) tips, for NO3

-
 

concentrations between 5-1900 µmol l
-1

. Within each harvest day, means sharing a lowercase letter do not differ 

significantly. Within each N concentration, means sharing an uppercase letter do not differ significantly.  
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 a) 

 
 b) 

 
 c) 

 
Figure 2.14 – Carbon to nitrogen ratio of S. europaea plants, in a) root, b) shoot, c) tips, for NO3

-
 concentrations 

between 5-1900 µmol l
-1

. Within each harvest day, means sharing a lowercase letter do not differ significantly. 

Within each N concentration, means sharing an uppercase letter do not differ significantly. 
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Nitrogen uptake 

The N removed in plant tips at each crop and for the NO3
-
 treatments, calculated from the 

cropped tips biomass and N content, is presented in Figure 2.15. N removed in tips every 3 

weeks was lower at 300 µmol N l
-1

 (4.14 ± 3.03 mmol N plant
-1

), than in 1900 µmol N l
-1

 

treatment (5.41 ± 3.83 mmol N plant
-1

, p=0.01). N removed in tips from plants in the other N 

concentrations was not significantly different. N removed in tips was lowest in the first and 

second crops (1.21 ± 0.59 and 4.33 ± 2.33 mmol N plant
-1

, respectively for days 189 and 210), 

compared to the other days (p<0.05), while N concentrations removed in tips in days 231, 252 

and 273 were not significantly different. 

 Total plant N uptake was calculated for the whole period as the plant N on day 273 minus 

plant N on day 162. N taken up by plants in the different NO3
-
 treatments is presented in Figure 

2.16a, and there was no significant difference observed between treatments. There was an overall 

mean uptake of 65.3 ± 18.1 mmol N plant
-1

, equivalent to 24.5 ± 6.8 µmol N plant
-1

 h
-1

, 

assuming constant uptake during
 
the whole period. 

 Figure 2.16b shows that the amount of N taken up by plants that was removed in tips, 

with again no significant difference between NO3
-
 treatments being observed, and an overall 

mean of 26.6 ± 7.9 mmol N plant tips
-1

. The percentage of total plant N in roots (Figure 2.17) 

was lower (6.00 ± 1.24 %) compared both with N in tips, 40.4 ± 7.9 %, and in shoots, 53.6 ± 7.7 

% (p<0.05). The N retained in shoots and tips were not significantly different, nor were the 

proportions of N in each plant component across NO3
-
 treatments. 

 

 

Figure 2.15 - Nitrogen removed by each plant in the tips (µmol N plant
-1

) at each crop, for plants grown at different 

NO3
-
 concentrations as in the legend (µmol l

-1
). Within each harvest day, means sharing a lowercase letter do not 

differ significantly. Within each N concentration, means sharing an uppercase letter do not differ significantly. 
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a)         b) 

 

Figure 2.16 – Total nitrogen taken up a) by each plant, b) in the plant tips (µmol N plant
-1

) during the experiment. 

 

 

 

Figure 2.17 – Percentage of nitrogen taken in each part of the plant (root, shoot and tips) by the end of the 

experiment. 

 

 

Discussion 

Nitrate supply had an effect on S. europaea plant performance; plants grown at the lower NO3
-
 

concentration of 5 µmol N l
-1

 had a high mortality along with lower growth and lower shoot: root 

ratios. This result is in agreement with several other studies that have shown increasing S. 

europaea growth rates and/or biomass with increasing N supply, both in the field and laboratory 

conditions (Piggot 1969, Stewart et al. 1973, Jefferies 1977, Loveland and Ungar 1983, Webb 

2012). The results are also in agreement with the theory that the shoot:root ratio should increase 

with increasing N supply (Valiela and Teal 1974, Hilbert 1990). Additionally, plants in the 

lowest N supply treatment did not produce any harvestable tips after the first harvest. 
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 Conversely, no consistent differences were observed between plants grown at NO3
-
 

concentrations between 300 and 1900 µmol l
-1

, suggesting that in these treatments the N supplied 

to the plants did not limit plant growth, and consequently indicating that a continuous N supply 

of 300 µmol NO3
- 
l
-1

 is above the N sufficiency threshold in S. europaea under the conditions 

tested. Jefferies (1977) reported increased growth in S. europaea shoots with an increase in N 

supply, however, the highest tested N concentration was lower than in the present study (10, 100 

and 1000 µmol NO3
- 
l
-1

). Additionally the N supply was not continuous, with N being supplied 

as 100 ml of solution every other day (or daily for a period of time), so the N supplied to the 

plants is not comparable between the two studies. Webb (2005) also reported an increase growth 

in S. dolichostachya with increasing N concentration (0, 1400 and 2800 µmol NO3
- 
l
-1

), however, 

N was supplied only as 1 l of N solution added 3 times a week to a group of 6 plants. Webb 

(2012) working with S. europaea plants irrigated daily, observed an increase in above-ground 

growth with an increase in N concentration up to 4 mmol NH4
+
 l

-1
 (0, 2, 4 mmol l

-1
), and no 

further increase at 6 mmol l
-1

. On the other hand, Quintã (2007) found no consistent differences 

in S. europaea growth across different N concentrations, when plants were irrigated only during 

5h per day with 2, 4, 6 or 8 mmol NO3
- 

l
-1

 solution. Kudo and Fujiyama (2010) cultivated S. 

bigelovii plants hydroponically with N supplied at different concentrations (1, 2, 3 and 4 mmol l
-

1
) and forms (NH4

+
 and NO3

-
), and reported an increase in shoot biomass with increase in N 

concentration for both N forms. Even though the solution was renewed every 3 days the study 

did not report final concentrations in solution and so it is not possible to know if the plants were 

kept at constant concentrations, or if depletion was significant. Because of the different 

methodologies used in the different studies is not possible to compare the effect of the N 

concentration by itself, but rather the N supply (concentration*loading rate) needs to be taken in 

consideration. On the other hand, to understand the effect of N concentration by itself, 

experiments need to be conducted with a constant N concentration and continuous supply 

(Cabrera et al. 1995, Caicedo et al. 2000, Horchani et al. 2010). 

 As mentioned above, plants grown in the lowest N concentration did not produce tips 

after the first harvest, whilst plants grown in the other N concentrations produced harvestable 

tips every 3 weeks during the period studied. While there were no differences in the biomass of 

tips produced by plants grown in NO3
-
 treatments between 300 and 1900 µmol l

-1
, the tips 

biomass regrowth increased with time. 

 The only consistent differences in C and N content across treatments were the lower N 

content and higher C contents in the 5 µmol N
 
l
-1

 treatment compared to all other treatments. The 

lower N content suggests that there was N limitation in the plants grown at 5 µmol N
 
l
-1

, while 
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the lack of further differences between the other treatments indicates that in those cases plants 

were not N limited. These results are in agreement with the observed differences in plant growth. 

Additionally there was no observed accumulation of N in plant tissues resulting from N luxury 

uptake, in conformity with other studies in S. europaea (Quintã 2007, Webb 2012). 

 The C:N ratio is sometimes used as proxy for N differences in tissues assuming that C, 

being a structural component, is constant (Duarte 1990, Atkinson  and Smith, 1983). In the 

present study C and N content varied not only with N treatment but also with time, and the 

differences with time are likely to be a result of plants structural changes rather than associated 

with nutrients supply. Jagtap et al. (2002) also observed C and N content changes with age of S. 

brachiata plants, with C content increasing with increasing age of the plant, and N content 

decreasing. Therefore in the case of Salicornia plants, the observed changes in the C:N ratio do 

not necessarily translate differences in N content. 

 Overall N content of plants in the present study (300 - 1900 µmol N
 
l
-1

) was higher than 

that reported by Quintã (2007), since in both cases lack of differences in growth suggest N 

supply to be above sufficiency value and in neither case luxury uptake was observed, the 

differences between the two studies may be a result of different methodology in the analysis 

(samples acidified prior to elemental analysis in Quintã (2007), but not in the present study). On 

the other hand, plant tissue N content in the present work is comparable to that of Webb (2012) 

who reported N content for above ground S. europaea tissues of between 2.16  and 3.28 mmol N 

g
-1

 and between 0.98 and 2.04 mmol N g
-1

 in roots (for N concentrations between 2 and 6 mmol 

NH4
+
 l

-1
). Despite the differences in N content the trend within plants tissues was consistent in 

every study (Quintã 2007, Webb et al. in prep.), with lower N content in the roots, followed by 

the shoots and higher in the tips. 

 From the perspective of use of plants in IMTA systems, growth and N content data need 

to be combined to understand the maximum potential for N removal by S. europaea plants from 

wastewater. Using the biomass and N content obtained in the present study it is calculated that, 

with a continuous N supply of between 300 and 1900 µmol NO3
- 
l
-1

, a single plant can remove 

65.3 ± 18.1 mmol N during one growing season. Accordingly, in a realistic scenario with 100 

plants m
-2

, the N incorporated into plant biomass would be 6.53 mol N m
-2

. This estimate is 

higher than actual values obtained by Webb et al. (2012) work (1.19 and 2.39 mol N m
-2

), and 

also higher than the observed in S. europaea N removal in constructed wetlands treating 

aquaculture wastewater, 1.09 mol N m
-2

 for one growing season (Webb et al. in prep.). Therefore 

the results of the present study indicate a significant potential to increase N removal from 

wastewater, providing the S. europaea growth and N uptake mechanism, in relation to different 
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factors such as N from, salinity, light and temperature, is established so that ideal growth 

conditions can be provided. 

Despite the high potential for N removal by S. europaea, it is important to note that, from 

the N accumulated in plants only 40% was removed in the harvested tips, while 54% remained in 

plant shoots and 6% in the roots. These values are close to those observed previously, when 

between 7.9 and 19.7% were incorporated into the roots, 39.7 to 58.3% in the shoots, and 31.5 to 

50.2% in the cropped tips (Quintã 2007). This draws attention to the importance of the plant 

shoots in N accumulation, and therefore the interest of removing the plants from the system at 

the end of the growing season and finding commercial applications (e.g. animals feed, fertilizer). 

Roots, on the other hand, account for a small proportion of N retained in plants, however, if 

plants are grown in a hydroponic system, roots could also easily be collected at the end of the 

growth season and also used for instance as animal feed or as fertilizer. 

 A central limitation of using S. europaea plants in IMTA systems is the fact that it is a 

annual species, and even though the growth season can be extended (Ventura et al. 2011b) there 

will be periods when the plants will not effectively remove N from the wastewater.  As an 

alternative, perennial halophytic plants have the potential to remove N all year around, Aster 

tripolium, for instance, may be a plant of interest since it is also sought for human consumption. 
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Introduction 

Growth in aquaculture in the coastal zone brings with it a range of environmental management 

issues including nitrogen enrichment of receiving waters and nitrogen toxicity for the cultured 

species within the aquaculture system. Since N is needed for algal and plant growth and is 

incorporated in their tissues, these organisms have long been used for N removal from different 

types of wastewater. For instance, constructed wetlands (CW) have traditionally been used for 

municipal, industrial, urban and agricultural waste management (see Vymazal 2008 for review). 

Also several pilot scale and field studies have been carried out and demonstrated the viability of 

using CWs to filter aquaculture wastewater (mainly freshwater and some in brackish water), 

since over all high removal rates can be achieved (Ng et al. 1992, Schwartz and Boyd 1995, 

Redding et al. 1997, Panella et al. 1999, Lin et al. 2002, Tilley et al. 2002, 2003, 2005, Zachritz 

et al. 2008, Webb et al. 2012). 

 Freshwater fish culture (mainly tilapia) has been integrated with the hydroponic culture 

of several vegetables and herbs of commercial interest (lettuce, basil, okra, tomatoes, spinach, 

arugula, watercress, alfalfa, white clover, barley, fall rye, chives) (Rakocy et al. , McMurtry et al. 

1997, Lockett, 2003 in Neori et al. 2004, Ghaly et al. 2005, Al-Hafedh et al. 2008). In most of 

these systems, unlike in CWs, the primary objective is the production of a second crop rather 

than the wastewater treatment and is usually referred to as aquaponics. In brackish and marine 

aquaculture, macroalgae have been widely studied with the aim of N removal and production of 

a second crop (e.g. Buschmann et al. 1996, Troell et al. 1999, 2003, Neori et al. 2004, Schneider 

et al. 2005, Bunting 2008, Hayashi et al. 2008). 

 Besides the obvious differences, the principle behind the different techniques that include 

algae or plants to remove N from aquaculture wastewater is the same, and falls under the 

definition of Integrated Multi-Trophic Aquaculture (IMTA). Chopin et al. (2001) defines IMTA 

as the systems where the culture of organisms, either fish or shrimps, is integrated with 

extractive culture, i.e organisms that extract particulate organic matter (shellfish) and/or 

dissolved inorganic nutrients (seaweeds/plants). In brief, a balanced integration of various 

organisms in a single system allows the extractive organisms to use the waste from the fed 

culture for growth thereby reducing the amount of pollutants in the wastewater. Furthermore the 

extractive organisms can provide extra commercial crops, directly providing the producer with 

product diversification and additional profit. Following this principle, regarding brackish and 

marine aquaculture, the use of higher plants is limited to those that are able to be productive 
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(growth and take up N) in saline systems – halophytes (Brown et al. 1999, Lin et al. 2003, 2005, 

Ventura et al. 2011a, Webb et al. 2012, Buhmann and Papenbrock in press). 

 Research into the potential to use halophyte species as biofilters in aquaculture needs to 

be focussed in plants with economic value. Salicornia europaea, or samphire, and Aster 

tripolium, or sea aster, are sought after for human consumption as a fresh vegetable. Additionally 

these plants have also particular interest due to their importance as natural animal feeds and use 

as a component of animal diets (Glenn et al. 1991b, 1992, Attia et al. 1997, Ramani et al. 2006, 

Masters et al. 2007, Rozema and Flowers 2008, Geissler et al. 2009a), including in diets for fed 

aquaculture of both fish and shrimps (Belal and Al-Dosari 1999, Bechardas 2008, Murama 

2008). 

 Performance of S. europaea in CWs has already been evaluated and results show high N 

removal efficiency producing a regular supply of fresh succulent tips obtained by repeatedly 

harvesting (cropping) during the growing season (Webb et al. 2012). Less information is 

available for A. tripolium, but some pilot studies for this species, with cultivation and repeated 

harvest indicate that it may perform well in a similar system. Nevertheless, Webb (2012) 

reported that total cumulative above-ground biomass in S. europaea to be lower in plants that 

were repeatedly cropped compared to plants were not harvested, and less N was incorporated 

overall into plant biomass in cropped plants. In contrast, final above-ground biomass was not 

different between cropped and uncropped plants in Cleall-Harding (2008) study, except for those 

plants grown at a higher salinity (30). 

 To optimize plant production (with associated economic return) and N removal 

efficiency, the effect of repeated cropping in both plant species needs to be further investigated, 

both in relation to biomass production, fresh tips production and N removal. In this study it is 

hypothesized that S. europaea and A. tripolium plants, under non-limiting nutrient supply, will 

decrease biomass production with introduction of routine cropping. It is expected that the 

decrease in biomass will influence the amount of N removed from water, but that the N uptake 

rates will not be altered. To test these hypotheses, a hydroponic culture system with S. europaea 

and A. tripolium plants and non-limiting N supply was assembled and maintained for several 

months, regular cropping regime was performed in half of the plants, plant biomass and 
15

N 

(NH4
+
 and NO3

-
) uptake rates were assessed. 
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Methods 

Plants 

Salicornia europaea seeds (6
th

 generation) were obtained from plants cultivated in a greenhouse, 

while A. tripolium seeds were collected from a local saltmarsh (Mochras, 52°81'70.29"N, 

4°13'68.75"W). In both cases seeds were stored at -20C until used in the present experiment and 

were germinated in a climate controlled greenhouse (16h photoperiod), in P576 plug trays with 

John Innes No.1 compost with continuous immersion in fresh water. Approximately one week 

after sowing, water supply was changed to salinity 10 and Phostrogen fertiliser was added. Later, 

trays were thinned out to one plant per plug and nutrient solution was replaced once a week, for 

five weeks (Figure 3.1). Then the plants were individually removed from the compost, the roots 

cleaned of any substrate and transplanted into the floating systems described below. 

 

 

               a)       b) 

    

Figure 3.1 – Plants, 4 weeks after sowing, a) S. europaea and b) A. tripolium. 

 

 

Experimental setup 

The experiment was carried out outside, at ambient temperature and under natural light, between 

May and October 2011. The experimental setup consisted of three beds (Figure 3.2), each of 

about 450 l capacity, with floating structures (styrofoam sheets), to provide mechanical support, 

and covered by a poly tunnel (Giant Easy Poly Tunnel). Light intensity, air and water 

temperature were recorded for the duration of the experiment (Onset Hobo pendant temp/light 

UA-002-64). Recorded light data, in lux, was converted to µmol PAR m
-2

 s
-1

, after calibration 
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against Li-Cor 190SA sensor. The calibration was obtained by taking readings at the same time 

with both sensors side by side (at different times of the day and weather forecasts) (r
2
=0.92). 

 Salinity 10 irrigation water was obtained by dilution of filtered water from the Menai 

Strait (~34 salinity) with tap water. The irrigation water was continuously aerated and nutrients 

were supplied as 1ml l
-1

 Hoagland micronutrients and iron solutions, phosphorus (added as 

Na2HPO4) from 400 to 500 µmol P l
-1

, and N (added as NH4NO3) from 2 to 10 mmol l
-1

 (supply 

increasing with time). During the experiment the solution was changed frequently to avoid 

nutrient depletion, and filtered water samples were collected before and after each change, 

immediately frozen, and later analysed for DIN and phosphorus. Dissolved inorganic phosphate 

(PO4
3-

), NO2
- 
and NO3

- 
were determined, using a 5–channel LACHAT Instruments Quick-Chem 

8000 autoanalyzer after Grasshoff et al. (1983) and Hales et al. (2004). NH4
+
 was determined by 

fluorimetric method after Holmes et al. (1999) using HITACHI F2000 fluorescence 

spectrophotometer. 

 On May 28
th

 2011 (day 148), plants were transplanted into the beds at a density of 100 

plants m
-2

, a total of 120 S. europaea and 66 A. tripolium per bed at the beginning of the 

experiment. Every three weeks, between 19
th

 of June and 24
th

 October (days 170 and 297), half 

of the plants of each species were cropped. For S. europaea, the shoot tips above approximately 

10 cm were cut, and for A. tripolium part of the leaves were removed (hereafter tips). The overall 

crop from each species was immediately weighed (fresh weight, FW) and again after oven 

drying at 50 °C (dry weight, DW). At the same sampling time, three cropped and three 

uncropped plants from each species were harvested from each bed and DW measured separately 

for root shoot and tips. On day 234 besides plants DW, FW was also measured. The specific 

growth rate (g DW d
-1

) of the above-ground portion of plants was calculated by subtracting the 

logarithm of first harvest above-ground biomass (day 170) from the logarithm of above-ground 

biomass on the day 255 (which included shoot biomass and, for cropped plants, also the total tip 

biomass produced between the two sampling dates), and dividing the difference by the number 

of days between the two harvests. 

 On day 237, N uptake was estimated in selected plants that were individually incubated 

with 
15

N, in 5 l solution, salinity 10, 1ml l
-1 

Hoagland micronutrient and iron solutions, and 

nominal concentrations of 200 µmol P l
-1

, and 1000 µmol N l
-1

. N was added either as NH4Cl or 

as NaNO3 and comprised 10% 
15

N tracer, added as 
15

NH4Cl and Na
15

NO3, respectively in NH4Cl 

and NaNO3 treatments. For each of the two N treatments, three cropped and three uncropped 

plants of each species were incubated for one hour. Additionally, three A. tripolium plants in the 

flowering stage were also incubated. After incubation, plants were washed in distilled water and 
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0.1M CaCl2 solution, to remove any isotope tracer adsorbed to the root surface. Above-ground 

biomass (tips and shoot) was separated from the root, oven-dried (50°C), weighed, ground 

(Cyclotec 1093 Sample Mill, with a 1 mm sieve), and subsequently analysed for total N and 
15

N 

content. Additionally, 3 plants of each species, not incubated in isotope-enriched solution, but 

otherwise under the same experimental conditions, were analysed for 
15

N natural abundance. 

Isotopic analysis of plant tissues was carried out at the University of California stable isotope 

facility using a PDZ Europa ANCA-GSL elemental analyser interfaced to a PDZ Europa 20-20 

isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). Excess atom per cent (at %) of the 

heavy isotopes was calculated as the difference between each sample heavy isotope at % (
15

N) 

and the mean natural abundance 
15

N at%. Above-ground and root dry mass, N content, and 

heavy isotope at% excess were used to calculate µmol excess of heavy isotopes in the plant 

tissues. N uptake rates were calculated per unit root dry mass (g) per unit of time (h), taking into 

account the percentage of N supplied in solution as 
15

N. 

 

 

Figure 3.2 – Experimental setup. 

 

 

Statistical analysis 

Differences in nutrient concentrations (NO3
-
, NO2

-
, NH4

+
 and PO4

3-
) in irrigation water between 

the three beds were investigated using ANOVA analysis, after confirming homogeneity of 

variances (Levene’s test). Plant growth rates, biomass (root and above-ground and tip 

production) data were tested for differences between the three beds using ANOVA analysis, 

since no significant differences were observed for any case, all the data from the three beds were 

pooled. Plant above-ground growth rates were compared between cropped and uncropped plants 

using ANOVA or the Kruskal-Wallis test, respectively for samples with and without equal 
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variances (Levene’s test). The effect of time (harvest day) and cropping regime on plant biomass 

(root and above-ground) were investigated separately using one way ANOVA where variances 

were equal (Levene’s test) or the Kruskal-Wallis test when variances were not equal. Where 

significant differences were found, Tukey, Bonferroni and LSD post hoc tests were performed, 

respectively after ANOVA with equal number of samples between groups, ANOVA with 

unequal number of samples between groups, and the Kruskal-Wallis test. Biomass from 

flowering A. tripolium was compared to biomass from cropped and uncropped plants using 

ANOVA analysis or Kruskal-Wallis test, and post hoc Bonferroni or LSD, respectively. 

Differences in tips production across harvests were investigated using ANOVA analysis. Where 

significant differences were found, Tukey’s post hoc test was performed for pairwise 

comparisons. The correlation between FW and DW was investigated using Pearson product-

moment (cropped and uncropped, S. europaea and A. tripolium), following a significant 

correlation, linearity was investigated using linear regression analysis and the obtained slopes 

compared using t-test after Bonferroni correction. Differences in N content were analysed using 

ANOVA, and Tukey’s test post hoc. Differences in N uptake rate, as NH4
+
 or NO3

-
, by cropped 

or uncropped plants was investigated using two way ANOVA, after confirming equal variances 

(Levene’s test) Following the two way ANOVA, when interaction between the two factors was 

not significant, Tukey’s pairwise comparisons were performed to investigate the main effect of 

significant factors. If interaction was significant ANOVA analysis were performed within each 

factor. Values are reported as means ± standard deviation. The significance level was considered 

as <0.05 for all the statistical analysis performed. 

 

 

Results 

Environmental data 

Daily irradiance during the experiment was 617 ± 329 µmol PAR m
-2

 s
-1

 (Figure 3.3a). Mean 

daily air temperature for the same period was 19.1 ± 2.75 °C, while daily minimum mean was 

10.3 ± 2.9 °C, and the daily maximum 40.0 ± 9.4 °C (Figure 3.3b). Mean daily water 

temperature for the experimental period was 16.1 ± 1.4 °C, minimum was 15.1 ± 1.8 °C, and 

maximum 17.4 ± 1.5 °C (Figure 3.3c). Salinity varied between 10.9 ± 0.7 after each water 

change and 11.8 ± 1.0 immediately before the following water change. 
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a) 

 
b) 

 
c) 

 
Figure 3.3 – Environmental data recorded during the experiment. a) Daily mean light irradiance (µmol PAR m

-2
 s

-

1
), b) daily mean (bold line), minimum (small dashed line) and maximum (dashed line) air temperature (°C), c) daily 

mean, minimum and maximum water temperature (°C). 

 

 

Water nutrients 

N (as NH4
+
, NO3

- 
and NO2

-
) and P as PO4

3-
 concentration in solution varied during the 

experimental period, but there were no significant differences in the measured nutrient 

concentrations between the three experimental units. Overall mean values and standard deviation 

are shown in Error! Reference source not found.. N concentration was only below 1000 µmol l
-1

 

mmediately prior to the first three water changes (199 ± 189 µmol l
-1

), thereafter it varied 

between 1058 and 11636 µmol l
-1

. 
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Table 3.1– Nitrogen, NH4
+
, NO3

-
 and NO2

-
 (µmol l

-1
), and PO4

3-
 (µmol l

-1
) in irrigation water during the 

experimental period (mean ± standard deviation). 

 Mean ± standard 

deviation 

NH4
+
 2446 ± 1619 

NO3
-
 3322 ± 2312 

NO2
-
 9.67 ± 9.21 

PO4
3-

 317 ± 163 

 

 

Plant growth 

The mean growth rate for uncropped plants was four times higher than for cropped plants, both 

for S. europaea, 0.541 ± 0.308 g DW d
-1

 and 0.135 ± 0.028 g DW d
-1

 (p=0.001) and A. tripolium, 

0.322 ± 0.154 g DW d
-1

 and 0.082 ± 0.029 g DW d
-1

, respectively (p<0.05), respectively (Figure 

3.4). 

 

 

     

Figure 3.4 – S. europaea and A. tripolium above-ground growth rate (g DW d
-1

) in cropped and uncropped plants. 

Within each species, means sharing a letter do not differ significantly. 

 

 

On days 212 to 279, root biomass from S. europaea plants’ (Figure 3.5a) was higher in 

uncropped plants than in cropped plants (p<0.048), while the difference on days 191 and 297 

was not significant. Root biomass increased with time, with cropped plants root biomass being 

higher on days 212 to 297 than on day 170 (p≤0.015), and root biomass from uncropped plants 

higher on days 234 to 297 than on day 170 (p<0.05), and also higher on days 255 and 276 

comparing to day 191 (p<0.05). 
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 S. europaea above-ground biomass (Figure 3.5b) was higher in uncropped than cropped 

plants on all sampling days (p≤0.012), except on day 191 at which point the difference was not 

significant. Above-ground biomass in cropped S. europaea plants was lower on day 170 than in 

all sampling days between 234 and 297, as well as on day 191 compared to days 255, 276 and 

297 (p<0.05). In case of uncropped plants, above-ground biomass was higher on days 255, 276 

and 297 than in the remaining harvests (day 170, 191, 212 and 234) (p≤0.038). 

 Root biomass in A. tripolium (Figure 3.6a) was higher in uncropped than cropped plants 

from day 234 on (p≤0.007), while no significant differences were observed on days 191 and 212. 

For both cropped and uncropped plants, root biomass on days 276 and 297 was higher than on 

day 170 (p<0.05), in case of plant not copped plants the root biomass on day 255 was also higher 

than on day 170 (p<0.05). 

 In A. tripolium, above-ground biomass of uncropped plants was significantly higher than 

cropped plants only on days 255 and 276 (p≤0.038) (Figure 3.6b), while on the remaining 

sampling days the difference between the two cropping regimes was not significant. In case of 

cropped plants, above-ground biomass on day 170 was lower than in all other harvests (p≤0.001) 

except day 191, when the difference was not significant. While in case of cropped plants biomass 

on day 170 was only significantly lower compared to days 255, 276 and 297 (p<0.05). 

 During the experimental period 21 % of A. tripolium plants flowered and seeded, 

independently of whether they were cropped or not. Plants that were in flower were not included 

in the previous analysis comparing growth in cropped and uncropped plants. However, plants in 

flower were also sampled and their biomass is presented in Figure 3.7, together with cropped and 

uncropped plants biomass at the same harvests. In relation to root biomass from flowering plants 

(Figure 3.6a) the only significant difference found was on day 234, when root biomass from 

flowering plants was higher than from cropped plants (p=0.003). Above-ground biomass was 

higher in flowering plants comparing to cropped plants on days 191, 234 and 276 (p<0.05); and 

also higher than uncropped plants on day 234 (p=0.006). 

 In cropped plants, for both plant species, tips were removed between days 170 and 255, 

after day 255 no tips were produced (Figure 3.8 and Figure 3.9). In S. europaea, by day 255 all 

plants were flowering or producing seed and no tip regrowth was visible to the naked eye at this 

point. While by the same time A. tripolium plants become infested by Lepidoptera larvae. 

 Between days 170 and 255, tip dry weight production in S. europaea (Figure 3.8a) was 

lower on day 170 than in every other harvest (p≤0.004), and higher on day 212 (p<0.001). Fresh 

weigh production presented similar trends (Figure 3.8b), except that tips biomass on day 255 was 

also lower comparing to days 191 and 234 (p≤0.02), mean tip production increased from 1.8 ± 
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0.43 g FW plant
-1

 in the first harvest to a maximum of 28.2 ± 1.48 g FW plant
-1

 on day 212, after 

which decreased until 7.5 ± 1.71 g FW plant
-1

 on day 255. 

 Dry weight tip production in A. tripolium plants was not significantly different between 

the several sampling days, with an overall mean of 1.1 ± 0.23 g DW plant
-1 

(Figure 3.9a). 

However when expressed as fresh weight, mean tip biomass was lower at the first harvest, 10.6 ± 

2.57 g FW plant
-1

, comparing to the following three harvest dates (p≤0.06), but not comparing to 

day 255, 11.6 ± 2.29 g FW plant
-1

. In the harvests between days 191 and 234 mean tips biomass 

was between 17.5 ± 0.15 and 18.8 ± 2.52 FW plant
-1

. 

 

 

a)        b) 

 

Figure 3.5 – S. europaea biomass (g DW) in cropped and uncropped plants at each harvest date. a) root b) above-

ground. Within each harvest day, means sharing a lowercase letter do not differ significantly. Within each cropping 

regime, means sharing an uppercase letter do not differ significantly. 

 

 

a)        b) 

 

Figure 3.6 – A. tripolium biomass (g DW) in cropped and uncropped plants at each harvest date. a) root b) above-

ground. Within each harvest day, means sharing a lowercase letter do not differ significantly. Within each cropping 

regime, means sharing an uppercase letter do not differ significantly. 
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Salicornia europaea and A. tripolium biomass at the time of the last crop (day 255) was as 

presented in Table 3.2. Above-ground and root biomass weight was measured and converted to 

fresh weight using the linear regressions found between FW and DW on plants harvested on day 

234 (p<0.001, r
2
≥ 0.95, Table 3.3). The whole plant biomass produced over the growing season 

varied between 226 ± 45 g FW cropped and 510 ± 259 g FW uncropped S. europaea and 

between 124 ± 32 g FW cropped and 382 ± 175 g FW uncropped A. tripolium. In relation to 

uncropped plants root biomass represents 34 ± 9% and 46 ± 9 % of total plant biomass, 

respectively for S. europaea and A. tripolium. In cropped plants root biomass represents 25 ± 6 

% and 21 ± 8 % of total plant biomass, respectively for S. europaea and A. tripolium. 

 

 

a)        b) 

 

Figure 3.7 – A. tripolium biomass (g DW) in cropped, uncropped and flowering plants at several harvest dates. a) 

root b) above-ground. Within the same harvest day, means sharing a letter with flowering plants do not differ 

significantly. 

 

 

a)        b) 

  

Figure 3.8 - S. europaea tip biomass (g plant
-1

) at each harvest date, a) dry weight b) fresh weigh. Means sharing a 

letter do not differ significantly. 
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a)        b) 

  

Figure 3.9 -- A. tripolium tip biomass (g plant
-1

) at each harvest date, a) dry weight b) fresh weigh. Means sharing a 

letter do not differ significantly. 

 

 

Table 3.2 – S. europaea and A. tripolium biomass produced over one growing season (g Fresh and Dry weights) 

(mean ± standard deviation). 

 S. europaea A. tripolium 

DW (g) FW (g) DW (g) FW (g) 

Uncropped 

whole plant 52 ± 28 510 ± 259 42 ± 19 382 ± 175 

above-ground 45 ± 26 341 ± 197 27 ± 13 206 ± 98 

root 6 ± 3 169 ± 81 15 ± 8 176 ± 96 

Cropped 

whole plant 13 ± 3 226 ± 45 10 ± 4 124 ±  32 

above-ground 11 ± 2 169 ± 33  8 ± 2 96 ± 18 

root 2 ± 0.7 57 ± 18 2 ± 1 28 ± 16 

 

 

Table 3.3 – S. europaea and A. tripolium slopes of linear regression lines of FW against DW (mean ± standard 

deviation) for above-ground and root biomass.  

 S. europaea A. tripolium 

above-ground 14.0 ± 0.46 7.5 ± 0.32 

root 27.4 ± 9.98 11.9 ± 0.33 

 

 

Plant nitrogen content 

N content (mmol N g
-1 

DW) was analysed for all plants harvested on day 237, for above-ground 

and root tissues. In S. europaea N content in shoots was higher than in roots, 1.9 ± 0.14 and 1.7 

± 0.19 mmol N g
-1 

DW, respectively (p<0.001). In A. tripolium the N content in roots, 3.8 ± 0.61 

mmol N g
-1 

DW, was higher than in shoots, 2.4 ± 0.51 mmol N g
-1 

DW (p<0.001). There were no 
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significant differences in tissue N content between cropped and uncropped plants, either in S. 

europaea or A. tripolium (Figure 3.10). However N content was lower in flowering A. tripolium, 

in both above-ground and root tissues, than in cropped and uncropped non flowering plants 

(p≤0.007 and p≤0.002, respectively for above ground and root tissue) (Figure 3.10). 

 

 
a)        b) 

 

Figure 3.10 – S. europaea and A. tripolium N content (mmol N g
-1

 DW), for cropped and uncropped plants plus 

flowering A. tripolium plants a) root and b) above-ground. Within each species means sharing a letter do not differ 

significantly. 

 

 

Nitrogen uptake 

During the 
15

N incubation, mean air temperature was 28.5 ± 4.18 °C, water temperature 21.3 ± 

0.59 °C and light intensity 2356 ± 1132 µmol PAR m
-2

 s
-1 

(619 and 5425 µmol PAR m
-2

 s
-1

, 

minimum and maximum light intensity respectively). 

 Figure 3.11 and Figure 3.12 show N uptake rates in S. europaea and A. tripolium 

calculated from the 
15

N excess in plant tissues after 1h incubation with 1000 µmol NH4NO3, 

containing 10% N as 
15

N either in the form of NH4
+
 or NO3

-
. When expressed per gram of root 

DW (µmol N g
-1 

root DW h
-1

) S. europaea NH4-N uptake was higher in uncropped than cropped 

plants, 67.2 ± 7.47 and 29.7 ± 21.03 µmol N g
-1

 root DW h
-1

, respectively (p=0.015), while there 

was no significant difference in NO3-N uptake (10.7 ± 2.24 and 8.0 ± 3.16 µmol N g
-1

 root DW 

h
-1

 respectively for uncropped and cropped). N uptake rate was higher as NH4
+
 than as NO3

-
 in 

uncropped plants (p=0.001), whereas there was no significant differences in the uptake of the 

two forms of N by cropped plants. Looking at the whole plant N uptake rates (µmol N plant
-1 

h
-1

) 

similar trends are observed, except in this case the NO3-N uptake rate in cropped plants is 

significantly lower than NH4-N (p=0.007). In. A. tripolium plants the N uptake rate, µmol N g
-1 
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root DW h
-1

, (Figure 3.12a) was not significantly different between cropped, uncropped or 

flowering plants. Overall A. tripolium took up NH4-N faster, 9.7 ± 2.80 µmol N g
-1 

root DW h
-1

, 

than NO3-N, 2.0 ± 0.97 µmol N g
-1 

root DW h
-1

 (p<0.001). Considering the whole plant, 

cropping regime and flowering plants did not affect the N (NH4
+
and NO3

-
) uptake rate, and for 

every case plants took up NH4-N at a higher rate than NO3-N (p≤0.03). 

 

a)        b) 

 

Figure 3.11 - S. europaea N uptake, as NH4
+ 

or as NO3
-
 by plants a) µmol N g

-1 
root DW h

-1
 b) µmol N plant

-1 
h

-1
. 

Within each N form, means sharing a lowercase letter do not differ significantly. Within each cropping regime, 

means sharing an uppercase letter do not differ significantly. 

 

a)        b) 

  

Figure 3.12 - A. tripolium N uptake, as NH4
+ 

or as NO3
-
 by plants a) µmol N g

-1 
root DW h

-1
 b) µmol N plant

-1 
h

-1
. 

Within each N form, means sharing a lowercase letter do not differ significantly. Within each cropping regime, 

means sharing an uppercase letter do not differ significantly. 

 

 

Discussion 

Uncropped S. europaea above-ground biomass by the end of the growing season, 4.5 kg DW m
-2

 

(34 kg FW m
-2

), was similar to that observed in Webb et al. (in prep.), 4.6 kg DW m
-2

, where 
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plants grew in CWs receiving aquaculture wastewater. On the other hand the value obtained here 

is higher than the observed S. europaea growth reported in Oleary et al. (1985), and that of S. 

bigelovii (Glenn et al. 1997, 1999) cultivated in fields irrigated with saline water. Biomass 

obtained in this study is also higher than that of S. virginica observed in saltmarshes, which is 

consistently lower than 2.5 kg DW m
-2

 (Glenn et al. 1991a, Boyer et al. 2001). 

 Total above-ground biomass from cropped S. europaea, 1.1 kg DW m
-2

 (17 kg FW m
-2

), 

is somewhat higher than the reported on Webb et al. (in prep.) following a similar harvest regime 

(0.7 kg DW m
-2

). The removed tips biomass at each harvest varied between 0.2 and 2.9 kg FW 

m
-2

, that is a wider range of that observed in Webb et al. (in prep.), 0.4 and 1.7 kg FW m
-2

. While 

Ventura and Sagi (in press) reported S. persica crop biomass of between 0.3 and 3.6 kg FW m
-2

 

at different harvests. 

 Ventura and Sagi (in press) mention an A. tripolium yield of 14 kg FW m
-2

 obtained in 

their ongoing work, however with the information accessible so far is not clear if this value is 

from cropped or uncropped above-ground biomass, or accumulated crop biomass. In the present 

work, uncropped A. tripolium above-ground biomass yield was 2.7 kg DW m
-2

 (21 kg FW m
-2

), 

while cropped plants above-ground yield was less than half of that , 0.8 kg DW m
-2

 (10 kg FW 

m
-2

). In cropped plants, A. tripolium removed biomass at each harvest was between 1 and 2 kg 

FW m
-2

. 

 Aster tripolium is a perennial plant and even if the growth is expected to decrease during 

winter (Clapham et al. 1942) the observed decrease in above-ground biomass observed towards 

the end was due to an infestation by Lepidoptera larvae, pointing out the importance to, in the 

future, protect the cultures against possible pest outbreaks. Additionally in the present study 21% 

of the A. tripolium plants flowered, in contradiction with observations elsewhere that  A. 

tripolium only flowers in the second year of growth (Clapham et al. 1942). However many 

differences have since been observed in plants growing in different habitats, leading to the 

description of a number of A. tripolium varieties, ecotypes or subspecies (Clapham et al. 1942, 

Huiskes et al. 1985, Stienstra 1986, Sági and Erdei 2005), and it may be possible that the time of 

first flowering varies, or it may simply depend on the plants growth conditions (e.g. light, 

temperature). Further research is needed to be able to better predict A. tripolium flowering 

patterns. 

 Salicornia europaea, on the other hand is an annual halophyte and growth stops during 

autumn, when the plants invest in reproduction. Even so, it may be possible to extend the growth 

period by providing artificial light to maintain the appropriate photoperiod, as demonstrated by 

Ventura et al. (2011b) in S. persica.  
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 As the all plants established and grew well in the hydroponic system used here, in 

comparison to other methods, the effective use of an hydroponic system is demonstrated, with 

simple construction and maintenance, and the added advantage that root biomass can also easily 

be harvested at the end of the growth cycle. Roots, which can account as much as 46% of plant 

biomass, could then possibly be used for animal diets compositions or feed, and  removal of the 

roots from the production system is important to maintain adequate growing conditions in 

following years. 

  Salicornia europaea and A. tripolium, uncropped plants produced more biomass 

compared to cropped plants. However, the use of repeated harvesting provides the grower with 

fresh succulent biomass every 3 weeks for the food market (retailing for around £2.00 and £3.00 

per 100 g FW, respectively for S. europaea and A. tripolium) possibly providing a higher 

economic return compared to that for the whole plant (e.g. animal feed and diets). 

 Nonetheless, since N removal from the system is closely linked to plant biomass, the 

repeated harvesting can reduce N removal and therefore makes a less effective biofilter. Plant N 

uptake rates measured at the middle of the growth season, (µmol N plant
-1 

h
-1

) were lower in 

cropped S. europaea plants than uncropped, but not different in case of A. tripolium (NH4-N and 

NO3-N). S. europaea N uptake was higher than that of A. tripolium plants, and assuming equal N 

uptake throughout the day, estimated daily N uptake rates (200-818 mmol N m
-2 

d
-1 

and 62-117 

mmol N m
-2 

d
-1 

respectively for S. europaea and A. tripolium) are high compared to plant N 

removal in planted CWs integrated with aquaculture both with or without cropping. For instance 

CWs planted with Phragmites australis, Commelina communis, Penniserum purpureum, 

Ipomoea aquatica and Pistia stratiotes removed a maximum of 39 mmol N m
-2 

d
-1

, and in other 

study, CWs planted with Typha augustifolia and Phragmites australis removed about 17 mmol 

NH4-N m
-2 

d
-1

and 11 mmol NO2-N m
-2 

d
-1

, with only part of this removal being the result of plant 

N assimilation (Lin et al. 2002, Lin et al. 2005). Canna indica plants removed between 27 and 69 

mmol N m
-2 

d
-1

 in harvestable biomass (Konnerup et al. 2011). In Webb (2012) CWs planted 

with S. europaea, and cropped every 3 weeks, removed 62 mmol N m
-2 

d
-1

 comparing to the 

removal of 20 mmol N m
-2 

d
-1

 by unplanted CWs, while in a different experiment S. europaea 

removed a maximum of 106 mmol N m
-2 

d
-1

 (Webb et al. in prep.). 

 

Conclusion 

There is a conflict between the production of fresh vegetable crops during the growing season 

and plant N assimilation, since the introduction of repeated cropping decreases the accumulated 
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plant biomass, and consequently the N removed, particularly in case of S. europaea plants. It is 

likely that apart from the cropping regime, maximising N removal efficiency and biomass 

production will be conflicting objectives in IMTA systems. In the present study, the situation 

was the one of non limiting N supply and maximum production, but when aiming to obtain 

higher N removal efficiency (ie % removal of N in the treated wastewater) in lower N 

concentrations, plant growth rates may be reduced due to the lower N supply. Thus further 

information is required on the relationship between N supply, plant growth and N removal rates, 

to enable growers to optimize IMTA systems according to their main objectives. The unexpected 

flowering of some A. tripolium plants and the larval infestation are signs of how little is still 

known about these plants and the importance of continuing to investigate different aspects of 

plant performance in different conditions. In relation to S. europaea, the possibility of extending 

the growing season needs more attention. 



 

 



 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4  - Growth and nitrogen 

uptake in Salicornia europaea and Aster 

tripolium at different concentrations 

and nitrogen forms 

  



 

 

 



Chapter 4 

69 

Introduction 

Currently, close to 50% of global aquatic food production is from farmed systems and this is 

projected to increase to 60% by 2030 (FAO 2010). As part of this, the development of brackish 

and marine aquaculture will play an important contribution to meet the increasing global demand 

for seafood. However, the expansion of rearing of aquatic species in intensive systems needs to 

be accomplished while paying attention to the associated negative impacts, which includes 

removal of dissolved nitrogen (DN) from the wastewater. The quantity and quality of DN waste 

is specific to individual aquaculture units, however, DN waste has often been reported to make 

up more than 50 % of the total N input in the system (Troell et al. 1999, Lefebvre et al. 2001, 

Fernandes et al. 2007b). Most of dissolved N occurs in the inorganic form (DIN) (Porrello et al. 

2005, Webb et al. 2012), DIN concentrations in aquaculture wastewater are highly variable, with 

concentrations of lower than 100 µmol N l
-1

 reported for some systems (Lin et al. 2003, Deviller 

et al. 2004) while in others concentrations higher than 1000 µmol N l
-1

 have been observed 

(Deviller et al. 2004, Lin et al. 2005). DIN can cause eutrophication in surrounding waters as 

well as be toxic to the cultured fish or shrimp (Pillay 1992, Blancheton 2000, Miller and 

Semmens 2002, Lyssenko and Wheaton 2006a, b), and therefore environmentally sound 

aquaculture systems need to include N removal processes. The integration of DIN commercially 

important extractive species, such as higher plants, within the aquaculture system is a developing 

approach for N removal (IMTA).  

In the context of brackish and marine aquaculture the use of higher plants in IMTA is limited to 

salt tolerant plants (Webb et al. 2012). Both Salicornia europaea and Aster tripolium are 

halophyte plants of interest due their many commercial applications, including human 

consumption. 

 Both NH4
+
 and NO3

-
 can be actively taken up by plant roots. Root transport systems 

catalysing NH4
+
 and NO3

-
 uptake can be classified in two categories: High and low affinity 

transport systems, respectively HATS and LATS. While HATS operate at lower external 

concentrations, LATS operate at higher solute concentrations (usually > 1mM) (Siddiqi et al. 

1990, Wang et al. 1993, Kronzucker et al. 1995, Cerezo et al. 1997, Cerezo et al. 2000). Two 

HATS and one LATS have been described for NO3
-
, one of the high affinity systems is substrate 

inducible (iHATS) – induced by the presence of NO3
-
 in solution and the other is constitutive 

(cHATS) (Crawford and Glass 1998, Cerezo et al. 2000, Glass et al. 2002). In case of NH4
+
 

uptake, only one HATS and one LATS have been described (Wang et al. 1993, von Wirén et al. 
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2000, Glass et al. 2002). For HATS the rate of root NO3
- 

or NH4
+
 uptake increases with 

increasing ion concentration until it reaches a plateau, beyond which uptake rate is independent 

of ion concentration, and so they can be described by Michaelis-Menten model (Wang et al. 

1993, Kronzucker et al. 1995, 1996, Bassirirad 2000). The LATS often show linear kinetics, 

although in few cases has also been described by the Michaelis-Menten models (Wang et al. 

1993, Kronzucker et al. 1995, 1996, Crawford and Glass 1998, Cerezo et al. 2000). 

 NO3
- 
taken up by the plants is reduced to NO2

-
 (catalysed by nitrate reductase, NR), and 

from NO2
-
 to NH4

+
 (catalysed nitrite reductase, NiR) (Guerrero et al. 1981, Siddiqi et al. 1990, 

Kronzucker et al. 1995, Forde 2000). NH4
+
, taken up by roots, or resulting from NO3

-
 reduction, 

is converted first to glutamine by the action of glutamine synthetase (GS) and then to glutamate 

by the action of glutamate synthetase (GOGAT). These two amino acids are the precursors for 

the synthesis of the other amino acids as well as almost all nitrogenous compounds (Guerrero et 

al. 1981, Knoepp et al. 1993, Tischner 2000, Guo et al. 2007). Since NO3
- 
must be reduced to 

NH4
+
 before it can be assimilated the uptake and assimilation of NO3

- 
has higher energy costs 

than uptake and the assimilation of NH4
+
, and so may be a less favourable N form to plants. 

Several plant species prefer NH4
+
 over NO3

-
 and have high uptake rates and vigorous growth 

when supplied with NH4
+
 (Wang et al. 1993, Tylova-Munzarova et al. 2005, Fang et al. 2007a, 

Jampeetong and Brix 2009a, Konnerup and Brix 2010, Kudo and Fujiyama 2010, Jampeetong et 

al. 2012b). On the other hand, many plant species may develop symptoms of toxicity when 

supplied with NH4
+
, that are not detected when plants are grown with the same concentration of 

NO3
-
 or in mixed N nutrition. NH4

+
 toxicity symptoms, observed in a variety of plant species, 

include high mortality, chlorosis, necrotic lesions, increased shoot : root ratio, and growth 

reduction (Raab and Terry 1994, Britto and Kronzucker 2002 and references therein, Guo et al. 

2002, Houdusse et al. 2005, Garnica et al. 2009, Ventura et al. 2010). 

In IMTA the optimum N removal can only be achieved when the plant N uptake is 

accurately predicted, and in order to be able to do so it is crucial to understand plant N 

requirements and N uptake kinetics. And for this reason, in this study the following hypotheses 

are tested: 

1) S. europaea and A. tripolium growth is lower when N is supplied as NH4
+
 comparing to NO3

-
 

or NH4NO3; 

2) S. europaea and A. tripolium N uptake rate varies during the day; 

3) S. europaea NH4-N and NO3-N uptake rates are regulated by the form of N supplied in the 

hours immediately before; 
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4) S. europaea and A. tripolium N uptake rates at different supply concentrations follow the 

Michaelis-Menten model;  

5) S. europaea and A. tripolium NH4-N uptake rates are higher than NO3-N uptake at similar N 

concentrations; 

6) S. europaea and A. tripolium NO3-N uptake is inhibited by the presence of NH4
+
 in solution, 

while NH4-N uptake is not inhibited by NO3
–
; 

7) S. europaea and A. tripolium plants receiving continuous supply of N express higher N uptake 

rates than plants N starved for 48h. 

Plants were grown with the different forms of N and biomass assessed, in other 

experiments 
15

N labelled solution was used to measure N uptake rates at different times of the 

day, and at 
15

N supply between ~ 0 and 2000 µmol l
-1

, both as NH4
+
, NO3

-
 and NH4NO3 (and 

additionally 1000 µmol 
15

NO3
- 

l
-1

 at several ratios of NH4
+
), with and without previous N 

starvation.  

 

 

Methods 

Germination of plants 

Salicornia europaea seeds (6
th 

generation from stock plants held at Bangor University) were 

obtained from plants cultivated in a greenhouse. A. tripolium seeds were collected from a local 

saltmarsh (Mochras, 52°81'70.29"N, 4°13'68.75"W). Seeds of both species were stored at -20°C 

until used in the present experiments. S. europaea and A. tripolium seeds were germinated in a 

climate-controlled greenhouse (16h photoperiod), in P576 plug trays with John Innes No.1 

compost with continuous immersion in fresh water. Approximately two weeks after sowing, the 

water supply was changed to salinity 10 (TROPICMARIN
TM

 artificial sea salt) and Phostrogen 

fertiliser (N:P:K 14:10:27 + trace elements; Bayer CropScience Ltd, Cambridge, UK) was added. 

After approximately 1 week, trays were thinned out to one plant per plug. The solution was 

frequently topped up with fresh water to compensate for evapo-transpiration, and fully replaced 

once a week. Approximately 1 week later the plants were individually removed from the 

compost, the roots cleaned of any substrate, and transplanted into a hydroponic raft system. 
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Growth in different N sources 

An experiment was conducted in order to investigate S. europaea and A. tripolium growth under 

several N from supplied (NH4
+
, NO3

-
 and NH4NO3). On day 142 (2011), 360 S. europaea plants 

were transplanted to a hydroponic system consisting of 9 lysimeters (external dimensions: 60 cm 

length * 40 cm width * 32.5 cm depth), holding approximately 55 l of solution with a 

polystyrene floating sheet providing mechanical support for plants so that the roots were 

continuously immersed in water. Each lysimeter was continuously aerated (Pond Air 4800 

pump). The irrigation water had a salinity of 10 (TROPICMARIN
TM

 artificial sea salt), and 

nutrients were added as Hoagland’s micronutrient and Fe solutions (1 ml l
-1

), 200 µmol P l
-1 

as 

Na2PO4 and 1000 μmol N l
-1

 according to three treatments, NH4
+ 

(NH4Cl),
 
NO3

-
 (NaNO3) and 

NH4NO3 (NH4NO3). 3 lysimeters were set up per treatment. Nitrification was inhibited by the 

addition of dicyandiamide in every treatment at a concentration of 7.5 ppm (Ventura et al. 2010). 

Irrigation water was replaced weekly to maintain nutrient concentrations. Filtered (0.45 µm) 

water samples were taken, both before and after each water change, immediately frozen and later 

analysed for dissolved inorganic phosphorous (P) and N. Dissolved inorganic P (PO4
3-

), NO2
-
 

NO3
-
 were determined, using a 5–channel LACHAT Instruments Quick-Chem 8000 autoanalyzer 

after Grasshoff et al. (1983), Hales et al. (2004). NH4
+
 was determined by fluorimetric method 

after Holmes et al. (1999) using HITACHI F2000 fluorescence spectrophotometer. 

 Aster tripolium plants transplanted to a similar system showed high mortality during the 

first week. The reason was not investigated, but since nitrification inhibitors have been shown to 

be toxic to some plants (Reddy 1964, Maftoun and Sheibany 1979), starting on day 206, the 

experiment was repeated without dicyandiamide in solution, and in this case mortality was 

highly reduced. In total 315 A. tripolium plants were moved into the hydroponic system, that in 

this case consisted of 9 plastic trays, with approximately 6 l solution each and irrigation water 

was replaced daily to prevent both nutrient depletion and nitrification. Water samples were taken 

at every second water change (before and after) and analysed for nutrient concentration as 

described above. 

 When S. europaea and A. tripolium plants were transplanted into the hydroponic systems, 

a subsample was taken of both above-ground (shoot) and root dry weight (DW) after oven-

drying at 50 °C for one week. On days 159 and 223, for S. europaea and A. tripolium 

respectively, all plants were removed from the hydroponic systems and the shoot and root fresh 

weight (FW) and DW were measured from 9 plants from each species and N treatment. For all 

remaining plants, only DW was assessed. 
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Daily cycle of N uptake 

To test if S. europaea and A. tripolium N uptake rate varies during the day, on days 159 and 223, 

respectively for S. europaea and A. tripolium, plants grown at all of the NH4
+
 and NO3

-
 

treatments were individually incubated in 200 ml of labelled nutrient solution (salinity 10), with 

1 ml l
-1 

Hoagland micronutrient and iron solutions, 200 µmol P l
-1 

(Na2PO4), and 1000 µmol 
15

N 

l
-1 

either as 
15

NH4Cl or Na
15

NO3. Pots containing the solution and plants were kept in a water 

bath during the incubation period in order to keep the water temperature approximately constant 

(Teco TR20 chiller/heater). For each N treatment, 3 plants of each species were incubated, for 1 

h, every 2 h between sunrise and nightfall (10 times in total). To confirm actual nutrient 

concentrations, filtered water samples were collected before the beginning of the incubation 

period and analysed for P and N concentrations, as described above. After incubation plants were 

washed in distilled water and then 0.1 mol l
-1

 CaCl2 solution to remove any isotope tracer 

adsorbed to the root surface. Plant shoots were separated from roots for DW measurement, and 

the whole plant was then ground (Precellys 24-Dual, Bertin Technologies), and subsequently 

analysed for N and 
15

N content. Additionally, 3 plants of each species (not incubated in isotope-

enriched solution) were analysed for 
15

N natural abundance. 

 Isotopic analysis of plant tissues was carried out at the University of California stable 

isotope facility using a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 

20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). Excess atom per cent (at%) 

of the heavy isotope was calculated as the difference between each sample heavy isotope at% 

(
15

N) and the mean natural abundance 
15

N at%. Shoot and root dry mass, N content, and heavy 

isotope at% excess where used to calculate µmol excess of heavy isotopes in the plant tissues. N 

uptake rates were calculated per unit root dry mass (g) per unit of time (h). 

Irradiance, air and water temperatures were recorded throughout the experiment (Onset 

Hobo pendant temp/light UA-002-64). The recorded light data, in lux, was converted to µmol 

PAR m
-2

 s
-1

, after calibration against Li-Cor 190SA sensor. The calibration was obtained by 

taking readings at the same time with both sensors side by side (at different times of the day and 

weather forecasts) at the greenhouse (r
2
=0.92). 
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Regulation of N uptake 

In order to study the regulation of N uptake rate by the N supply during growth, some of the S. 

europaea plants grown in NH4
+
, were transferred into a solution containing NO3

- 
as the sole N 

source, for several time periods (0, 2, 4, 6, and 8 h) before NO3-N uptake was investigated. A 

control group of plants, grown with continuous NH4
+ 

supply, were incubated in a solution with 

NH4
+
 at the same time points. Conversely, plants grown in the NO3

-
 treatment were moved into 

NH4
+
 supply for different periods of time and then NH4

+ 
uptake investigated. A control group of 

plants, grown with continuous NO3
- 

supply, were incubated in solution with NO3
-
 at the same 

time points. Plants were incubated in 200 ml of labelled nutrient solution (salinity 10) with 1 ml 

l
-1 

Hoagland micronutrient and iron solutions, 200 µmol P l
-1 

(Na2PO4), and 1000 µmol 
15

N l
-1 

either as 
15

NH4Cl or Na
15

NO3. Pots containing the solution and plants were kept in a water bath 

during the incubation period in order to keep the water temperature approximately constant, for 

each N treatment, 3 plants of each species were incubated, for 1 h. At the beginning of the 

incubation, water samples were collected from each pot, stored and analysed for dissolved 

nutrients as previously described. After 
15

N incubation plants were processed following the 

protocol as described above. 

 

 

N uptake kinetics 

A series of experiments were conducted to investigate the effects of N supply concentration on 

uptake rates for different forms of inorganic N (Michaelis-Menten model, and N form 

preference), the interactive effects of the N forms on uptake rate (N uptake when NO3
– 

and NH4
+
 

supplied alone or in combination) and the effect of previous nutrient supply on N uptake (48h N 

starvation vs no N starvation). On days 210 and 211 of 2011, 300 A. tripolium and S. europaea 

plants were transplanted into a hydroponic system similar to the one described above, except that 

the N supply was approximately 2000 µmol l
-1

 as NH4NO3 for all plants. Irrigation water was 

replaced weekly to maintain nutrient concentrations. Filtered (0.45 µm) water samples were 

taken, both before and after each water change, immediately frozen and later analysed for 

dissolved nutrients as described above. Plants grown in this system were then used to assess the 

N uptake using 
15

N stable isotope labelling. Irradiance, air and water temperatures were recorded 

throughout the experiment (Onset Hobo pendant temp/light UA-002-64), and light data in lux 

was converted to µmol PAR m
-2

 s
-1

 as mentioned above. 
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 Half of the plants from each species to be incubated in 
15

N were N starved for 48h before 

the incubations, with irrigation water being replaced with water of salinity 10, P, micronutrients 

and iron concentrations as before, but without adding any form of N. These plants are from this 

point forward referred to as “starved”, while “non-starved” refers to plants receiving the full 

supply of nutrients continuously until just before incubation.  

 For both starved and non-starved S. europaea and A. tripolium, the 
15

N uptake kinetics 

were investigated when N was supplied as 
15

NH4Cl, Na
15

NO3, 
15

NH4Cl+NaNO3 or 

NH4Cl+Na
15

NO3 (equimolar). Nominal concentrations of 
15

N tested were 10, 25, 50, 100, 200, 

300, 400, 600, 800, 1000 and 2000 µmol l
-1

). For each species, starvation status, N form and 

concentration, three plants were incubated for one hour in 200 ml of the respective labelled 

solution. Additionally, non starved plants were also incubated in 
15

N solution containing varying 

NH4
+
 (NH4Cl) concentrations (250, 500 and 750, 1500 and 2000 µmol l

-1
) together with 1000 

µmol 
15

N l
-1

 as Na
15

NO3. Incubations were performed between days 228 and 231, and besides 

the defined N supply, the irrigation solution contained 200 µmol P l
-1 

(Na2PO4), 1ml l
-1 

Hoagland 

micronutrient and iron solutions, and the salinity was 10. Pots containing these solutions and the 

plants were kept in a water bath, in order to keep the water temperature approximately constant. 

At the beginning of the incubation, water samples were collected from each pot, stored and 

analysed for dissolved nutrients as previously described. After 
15

N incubation plants were 

processed following the protocol as described above. 

 In order to investigate how N uptake rates varied with NH4
+
 and NO3

- 
concentrations, 

both when supplied alone or in combination and depending on the starvation status of the plants, 

the measured N uptake rates at the different concentrations were fitted into a modified 

Michaelis–Menten model (Jampeetong and Brix 2009b): 

 

  
           
         

 

 

Where V is the N uptake rate (μmol N g root
-1

  DWh
-1

) measured at a given S, substrate 

concentration (μmol N l
-1

); Vmax is the maximum uptake rate at saturating substrate 

concentration; Km is the half saturation constant, the substrate concentration where V=Vmax/2; 

and Smin is the substrate concentration at which there is no net uptake (V=0). 
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Statistical analysis 

For plants harvested on days 159 and 223, the correlation between shoot and root dry mass was 

investigated using Pearson product-moment correlation across the three N treatments. Following 

a significant correlation, the nature of the relationship was investigated; linearity was confirmed 

using linear regression analysis and the obtained slopes compared using t-test after Bonferroni 

correction. Similar analysis was performed in relation, shoot and root, fresh to dry weight. Plant 

biomass (shoot and root, DW) was compared, between the three N treatments, using ANOVA if 

variances were homogeneous (Levene’s test), and Bonferroni post hoc test following significant 

effect of N treatment. When variances were not equal Kruskal-Wallis test was used instead ant 

the LSD post hoc test performed for pairwise comparisons between N treatments. Plant N 

content was also investigated in relation to N treatments effect using either ANOVA or Kruskal-

Wallis test, respectively for data with and without equal variances. Tukey post hoc test was used 

after significant ANOVA with equal number of samples in N treatments, Bonferroni post hoc 

after ANOVA with unequal number of samples in N treatments, and LSD after significant 

Kruskal-Wallis. For both plant species, N uptake rate, both NH4-N and NO3-N, at different times 

of the day was compared using either ANOVA (and Tukey post hoc) or Kruskal-Wallis test (and 

LSD post hoc), respectively for data with and without equal variances. Also the N uptake rate by 

S. europaea plants placed in each N form for different lengths of time was compared using either 

ANOVA or Kruskal-Walis test. The parameters (Vmax and Km), obtained by fitting the measured 

uptake rates at different concentrations in the model (Michaelis–Menten) presented above, were 

compared using t-test after Bonferroni correction. N uptake rate by S. europaea plants in the 

presence and absence of nitrification inhibitor was compared using ANOVA analysis after 

confirming homogeneity of variances (Levene’s). 

 Values are reported as means ± standard deviation. The level of p= <0.05 was considered 

as significant for all statistical analyses performed. 
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Results 

Growth in different N sources   

Environmental data 

Between days 142 and 159, the period when S. europaea plants were grown with N supplied as 

NH4
+
, NO3

-
 or NH4NO3, the mean daily light irradiance was 368 ± 64 μmol PAR m

-2
 s

-1
. The 

mean daily air temperature for the same periods was 27.2 ± 1.2 °C, while the daily minimum 

mean was 16.2 ± 0.9 °C, and the daily maximum air temperature 48.5 ± 6.0 °C. The mean daily 

water temperature was 23.8 ± 1.1 °C, the daily minimum 20.5 ± 1.9 °C, and the maximum 26.5 ± 

0.7 °C. 

For the A. tripolium plants growth period, between days 206 and 223, mean daily light irradiance 

was 459 ± 58 μmol PAR m
-2

 s
-1

. Mean daily air temperature for the same periods was 28.3 ± 2.3 

°C, while daily minimum mean was 18.5 ± 5.1 °C, and the daily maximum air temperature 44.3 

± 3.7 °C. The mean daily water temperature for this period was 23.3 ± 1.4 °C, the daily 

minimum 18.8 ± 2.5 °C, and the daily maximum 27.4 ± 0.9 °C. 

In case of S. europaea irrigation water, the salinity was constant at 10.2 ± 0.02 before and after 

each water change. In case of A. tripolium irrigation water, salinity varied between 10.9 ± 0.1 

after each water change and 11.0 ± 0.01, before the following water change. 

 

 

Water nutrients 

For both plants species, in the irrigation water the target PO4
3- concentration was 200 μmol l

-1
, 

and N concentrations 1000 μmol l
-1

, either as NH4
+
, NO3

-
, or NH4 NO3 respectively for each N 

treatment. The actual measured dissolved inorganic P and N concentrations in the irrigation 

waters during plant growth, are presented in Table 4.1. In case of A. tripolium, overall N mean 

concentration, for NH4
+
, NO3

-
, and NH4NO3 was lower than expected due to high nutrient 

depletion between water changes. 
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Plant growth and N content 

The shoot to root biomass relationships for plants grown in the different N treatments were linear 

(r
2
=0.88 and r

2
=0.94, respectively for S. europaea and A. tripolium p<0.001). In case of A. 

tripolium there were no significant differences between the slopes of shoot to root biomass of the 

three N treatments, 1.8 ± 0.03, 1.9 ± 0.06 and 1.8 ± 0.05, respectively for treatments NH4
+
, NO3

-
 

and NH4NO3. However in S. europaea plants the ratios were different among all N treatments 

(p≤0.008): 2.1 ± 0.07, 2.6 ± 0.06 and 2.8 ± 0.05, respectively for treatments NH4
+
, NO3

-
 and 

NH4NO3. 

The relationships of fresh to dry weight, both for the shoots and roots, were all linear (r
2
>0.76, 

p<0.02) and the slopes (Table 4.2) not significantly different between the three N treatments.  

 

 

Table 4.1 - Overall measured mean (± standard deviation) dissolved inorganic nitrogen, NH4
+
, NO3

-
 and NO2

-
 (µmol 

l
-1

), and dissolved inorganic phosphorus concentration, PO4
3-

 (µmol l
-1

) in solution for each N treatment during the 

plant growth period. 

 
NH4

+
 

(μmol l
-1

) 

NO3
-
 

(μmol l
-1

) 

NO2
- 

 (μmol l
-1

) 

PO4
3- 

(μmol l
-1

) 

S. europaea 

NH4
+
 1118 ± 105 7.6 ± 4.0 0.7 ± 0.3 230 ± 12 

NO3
-
 19.8 ± 15.5 918 ± 145 3.3 ± 2.3 219 ± 5 

NH4NO3 527 ± 74 519 ± 142 3.0 ± 1.2 222 ± 18 

A. 

tripolium 

NH4
+
 607 ± 482 6.8 ± 5.2 6.5 ± 10.3 157 ± 74 

NO3
-
 8.8 ± 8.7 604 ± 424 5.4 ± 3.2 174 ± 38 

NH4NO3 366 ± 295 381 ± 265 9.4 ± 14.8 190 ± 76 

 

 

Table 4.2 - Fresh to dry weight (g) relationships, for S. europaea and A. tripolium shoot and root, and for the 

different nitrogen treatments, NH4
+
, NO3

-
 and NH4NO3 (mean ± standard deviation). 

FW:DW Shoot Root 

S. europaea 

NH4
+
 12.1 ± 0.2 9.7 ± 1.0 

NO3
-
 13.4 ± 0.4 11.0 ± 0.5 

NH4NO3 11.9 ± 0.5 11.5 ± 0.3 

A. tripolium 

NH4
+
 12.1 ± 0.2 13.0 ± 0.3 

NO3
-
 13.3 ± 0.3 13.4 ± 0.3 

NH4NO3 11.9 ± 0.5 12.6 ± 0.3 
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Shoot final biomass of the S. europaea plants (Figure 4.1a) was lower in plants grown in the 

NH4
+
 treatment compared with both the plants grown in NO3

-
 and NH4NO3 (p<0.05), although 

there was no significant difference between the shoot final biomass of plants grown in NO3
-
 and 

NH4NO3 treatments. The specific growth rates of S. europaea shoots were 0.058 ± 0.013, 0.069 

± 0.014 and 0.070 ± 0.017 g DW
-1

 d
-1

, respectively for plants grown in NH4
+
, NO3

- 
and NH4NO3. 

 In relation to S. europaea root biomass (Figure 4.2a), the trends were similar to those 

observed in the shoots, with a lower biomass for plants in the NH4
+
 treatment compared to the 

other two treatments (p<0.05). 

 Shoot final biomass dry weight for A. tripolium was not significantly different between 

the plants grown with the different N source (Figure 4.1b). Specific growth rates were 0.048 ± 

0.022, 0.048 ± 0.019 and 0.040 ± 0.020 g DW
-1

 d, respectively for plants grown in NH4
+
, NO3

- 

and NH4NO3. A. tripolium root biomass DW (Figure 4.2b) was higher on plants from the NH4
+ 

treatments than from NH4NO3 (p=0.043), while there were no other significant differences 

across the N treatments. 

 

The N content of S. europaea plants grown with NH4
+
 (8.6 ± 1.2 mmol N g

-1
 DW) was lower 

than both plants supplied with NO3
- 
and NH4NO3 (10.1 ± 1.6 and 10.4 ± 1.3 mmol N g

-1
 DW, 

respectively) (p<0.001). There were no other significant differences between N treatments 

(Figure 4.3a). Similarly, N per plant was lower in plants grown in NH4
+
, 0.4 ± 0.1 mmol N plant

-

1
 than in NO3

- 
and NH4NO3, 0.6 ± 0.3 and 0.6 ± 0.2 mmol N plant

-1
, respectively (p<0.05) 

(Figure 4.3b). 

 In A. tripolium the N content of the plants was different between all N treatments 

(p≤0.03), being lower in plants from the NH4
+
 treatment, 8.6 ± 1.1 mmol N g

-1
 DW, followed by 

the plants in the NO3
- 
treatment, 9.7 ± 2.0 mmol N g

-1
 DW, and higher in the plants grown in 

NH4NO3, 10.7 ± 1.5 mmol N g
-1

 DW (Figure 4.4a). However, when expressed per plant basis, 

the N content in A. tripolium was not significantly different between plants in the several N 

treatments, 1.7 ± 1.3, 1.4 ± 1.0 and 1.2 ± 1.1 mmol N plant
-1

, respectively for the NH4
+
, NO3

- 
and 

NH4NO3 treatments (Figure 4.4b). 
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a)           b) 

  

Figure 4.1 - Shoot biomass dry weight (g DW) a) S. europaea plants, b) A. tripolium plants at different nitrogen 

treatments. Mean ± standard deviation. Means sharing a letter do not differ significantly. 

 

 

a)           b) 

    

Figure 4.2 - Root biomass dry weight (g DW) a) S. europaea plants, b) A. tripolium plants at different nitrogen 

treatments. Mean ± standard deviation. Means sharing a letter do not differ significantly. 

 

 

a)           b) 

  

Figure 4.3 – S. europaea nitrogen content a) mmol N g
-1

 root DW b) mmol N plant
-1

, for plants grown at different 

N treatments. Mean ± standard deviation. Means sharing a letter do not differ significantly.  
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a)           b) 

  

Figure 4.4 – A. tripolium nitrogen content a) mmol N g
-1

 root DW b) mmol N plant
-1

, for plants grown at different 

N treatments. Mean ± standard deviation. Means sharing a letter do not differ significantly. 

 

 

Daily cycle of N uptake 

Environmental data 

The environmental data recorded during the daily cycle 
15

N incubations is presented in Figure 

4.5. 

 

 

Water nutrients 

During incubations in heavy isotope N solution, the mean PO4
3-

 concentration was 183 ± 1 μmol 

l
-1

, and the N concentrations were as in Table 4.3. 

 

 

N uptake 

The N uptake rates, assessed at different times of the day, did not vary significantly in the S. 

europaea plants, neither for NO3-N (Figure 4.6b) nor for NH4-N (Figure 4.6a), even though 

mean NH4-N uptake rates varied from 19.5 ± 7.2 µmol N g
-1

 root DW h
-1

 between 6:05 and 7:05 

h to a maximum of 44.8 ± 21.3 µmol N g
-1

 root DW h
-1

 between 20:05 and 21:05 h. 
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a) 

 

b) 

 

Figure 4.5 - Environmental data recorded during 
15

N incubations for daily cycle N uptake, a) S. europaea plants, b) 

A. tripolium; irradiance (µmol PAR m
-2

 s
-1

) - bold line, air temperature (°C) - dashed line, water temperature (°C) - 

small dashed line. 

 

 

Table 4.3 - Measured (mean ± standard deviation) dissolved inorganic nitrogen NH4
+
, NO3

-
 and NO2

-
 (µmol l

-1
) for 

15
N incubation solutions. 

 
NH4

+
 

(μmol l
-1

) 

NO3
-
 

(μmol l
-1

) 

NO2
-
  

(μmol l
-1

) 

S. europaea 
NH4

+
 927 ± 55 2.74 ± 1.11 0.349 ± 0.646 

NO3
-
 2.42 ± 0.77 1034 ± 55 1.40 ± 1.62 

A. tripolium 
NH4

+
 935 ± 27 2.2 ± 2.1 0.2 ± 0.1 

NO3
-
 2.4 ± 0.7 923 ± 48 3.1 ± 1.8 
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a)           b) 

  

Figure 4.6 – S. europaea nitrogen uptake rate (μmol N g
-1

 root DW), a) NH4-N uptake rate b) NO3-N uptake rate. 

Mean ± standard deviation. 

 

 

Aster tripolium NH4-N uptake rates did not vary significantly during the day, nevertheless mean 

NH4-N uptake rates varied from 22.3± 4.9 µmol N g
-1

 root DW h
-1

 between 4:30 and 5:30 h to a 

maximum of 53.3 ± 25.1 µmol N g
-1

 root DW h
-1 

between 20:30 and 21.30 h (Figure 4.7a). In the 

case of the NO3-N uptake rates in A. tripolium plants (Figure 4.7b), there were significant 

differences between times of the day, with the uptake rate obtained from plants incubated 

between 20:30 and 21:30 h, being 51.1 ± 3.0 µmol N g
-1

 root DW h
-1

, which was higher than 

plants incubated from 6:30 to 7:30 h, 18.1 ± 6.1 µmol N g
-1

 root DW h
-1

, from 8:30 to 9:30 h, 

20.1 ±  4.7 µmol N g root DW
-1

 h
-1

, and from 14:30 to 15:30 h , 16.4 ± 8.2 µmol N g
-1

 root DW 

h
-1 

(p≤0.016). No other significant differences were observed between the several times of the 

day. 

 

 

a)           b) 

  

Figure 4.7 – A. tripolium nitrogen uptake rate (μmol N g
-1

 root DW), a) NH4-N uptake rate b) NO3-N uptake rate. 

Mean ± standard deviation. Means sharing a letter do not differ significantly. 
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Regulation of N uptake 

Environmental data 

Table 4.4 shows the mean irradiance, air and water temperatures during the 
15

N incubations for 

S. europaea plants used to investigate the regulation of N uptake in relation to the N source 

during growth. 

 

Table 4.4 - Environmental data recorded during the S. europaea 
15

N incubations for induction of N uptake, light 

irradiance (µmol PAR m
-2

 s
-1

), air and water temperature (°C), (mean ± standard deviation). 

incubation 

time 

Irradiance 

(µmol PAR m
-2

 s
-1

) 

Air temperature 

(°C) 

Water temperature 

(°C) 

0h 634 ± 284 29.7 ± 3.2 24.0 ± 0.5 

2h 901 ± 557 32.6 ± 2.6 24.3 ± 0.3 

4h 632 ± 528 34.0 ± 2.3 24.5 ± 0.3 

6h 637 ± 350 30.1 ± 1.6 24.2 ± 0.1 

8h 167 ± 62 24.0 ± 1.6 23.8 ± 0.2 

 

 

Water nutrients 

During incubations in heavy isotope N solution, the mean PO4
3-

 concentration was 174 μmol l
-1

, 

and the N concentrations were as in Table 4.5. 

 

Table 4.5 - Measured (mean ± standard deviation) dissolved inorganic nitrogen NH4
+
, NO3

-
 and NO2

-
 (µmol l

-1
) for 

15
N incubation solutions. 

 
NH4

+
 

(μmol l
-1

) 

NO3
-
 

(μmol l
-1

) 

NO2
- 

(μmol l
-1

) 

NH4
+
 974 ± 61 1.37 ± 0.53 0.187 ± 0.075 

NO3
-
 2.52 ± 0.76 1002 ± 76 2.06 ± 1.97 

 

 

N uptake 

In order to test for NH4
+
 and NO3

-
 induction of N uptake, S. europaea N uptake, as NH4

+
 and 

NO3
-
, was compared between plants grown in the same N source as the tested uptake and plants 

moved from one to the other. The NH4-N uptake rates were not significantly different, between 

the two situations, at all times tested (Figure 4.8a). On the other hand the NO3-N uptake rate was 
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lower when plants only received NO3
-
 for the one hour of incubation: 6.7 ± 3.8 µmol N g

-1
 root 

DW h
-1

, compared with plants incubated at the same time but previously supplied with NO3
-
, 

42.0 ± 12.7 µmol N g
-1

 root DW h
-1

 (p=0.010). No significant differences were observed for 

cases where plants were supplied with NO3
- 
for longer than 1h (Figure 4.8b). 

 

 

a)           b) 

 

Figure 4.8 – Mean (± standard deviation) S. europaea nitrogen uptake rate (μmol N g
-1

 root DW) a) NH4
+
 b) NO3

- 
-

N uptake rate. White bars represent N uptake rates by plants grown in the same N form as the measured uptake, and 

black bars the N uptake rates by plants for which N supply was changed to the same form as the measured N uptake 

at time 0 h. Means sharing a letter do not differ significantly within each time point. 

 

 

Although S. europaea plants were grown in solution containing a nitrification inhibitor 

(dicyandiamide, 7.5ppm), the N uptake rate reported above was assessed in solution without the 

nitrification inhibitor. The effect of the presence of the nitrification inhibitor in the uptake rate of 

N by S. europaea plants was tested, and in both cases N uptake (NH4-N and NO3-N), even if 

higher in absence of nitrification inhibitor, was not significantly different in the presence or 

absence of nitrification inhibitor (Figure 4.9). 

 

 

Figure 4.9 – Mean (± standard deviation) S. europaea nitrogen uptake rate (μmol N g
-1

 root DW). White bars in the 

presence of nitrification inhibitor (7.5ppm dicyandiamide), and black bars without nitrification inhibitor. 
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N uptake kinetics 

Environmental data 

Mean daily irradiance was 399 ± 46 µmol PAR m
-2

 s
-1

. The mean daily air temperature for the 

same period was 29.5 ± 2.0 °C, while the daily minimum mean was 19.7 ± 4.3 ºC, and the daily 

maximum air temperature 45.9 ± 4.5 °C. The mean daily water temperature for the experimental 

period was 25.7 ± 1.6 °C, the daily minimum 22.5 ± 2.3 °C, and the daily maximum 28.5 ± 1.2 

°C. In case of S. europaea irrigation water, the salinity did not vary more than 10.2 ± 0.2 both 

after each water change and immediately before the following water change. For A. tripolium 

irrigation water the salinity varied between 10.9 ± 0.12 after each water change and 11.0 ± 0.01, 

before the following water change. 

 During the 
15

N incubations, the overall mean air and water temperatures were 

respectively 33.9 ± 3.3 and 24.7 ± 0.4 °C. Overall the mean irradiance was 956± 478 µmol PAR 

m
-2

 s
-1

, and Figure 4.10 shows the mean irradiance for the incubation periods relative to each 

treatment. 

 

 

Figure 4.10- Irradiance (µmol PAR m
-2

 s
-1

) recorded during the 
15

N incubations, for each treatment (mean ± 

standard deviation). 

 

 

Water Nutrients 

The mean total DIN was, 2163 ± 246 and 2002 ± 431 µmol N l
-1

, respectively for S. europaea 

and A. tripolium irrigation waters. The mean DIP concentrations for the same period was, 228 ± 

9 and 219 ± 33 µmol P l
-1

, respectively for S. europaea and A. tripolium irrigation waters. 
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 During incubations in 
15

N solution, the overall mean PO4
3-

 concentration was 166 ± 7 

µmol l
-1

 and NO2
-
 concentration was 1.1 ± 2.0 μmol l

-1
. NH4

+
 + NO3

-
 concentrations were as 

presented in Figure 4.11 and Figure 4.12. 

 

a)           b) 

 

Figure 4.11 – Measured mean (± standard deviation) dissolved inorganic nitrogen concentration (μmol l
-1

) as: a) 

NO3
-
, b) NH4

+
, for the several nominal 

15
N concentrations incubation solutions. For S. europaea starved for the 

several nutrients supply combinations: 
 15

NH4
+
,  

15
NH4

+
 + NO3

-
,  

15
NO3

-
, and  NH4

+
 + 

15
NO3

-
; S. europaea 

not starved,  
15

NH4
+
,  

15
NH4

+
 + NO3

-
,  

15
NO3

-
, and  NH4

+
 + 

15
NO3

-
; A. tripolium starved,  

15
NH4

+
,  

15
NH4

+
 + NO3

-
,  

15
NO3

-
, and  NH4

+
 + 

15
NO3

-
; A. tripolium not starved,  

15
NH4

+
,  

15
NH4

+
 + NO3

-
,  

15
NO3

-
, 

and  NH4
+
 + 

15
NO3

-
. 

 

 
a)           b) 

 

Figure 4.12 – Measured mean (± standard deviation) dissolved inorganic nitrogen concentration (μmoll
-1

) as: a) 

NO3
-
, b) NH4

+
, for the several nominal NH4

+
 treatments for,  S. europaea starved and,  non-starved plants;   

A. tripolium starved,  and not starved plants. 

 

 

Plant growth and N content 

The shoot biomass (DW) of S. europaea plants used in 
15

N incubations was 0.3 ± 0.1 g DW and 

root biomass was 0.1 ± 0.1 g DW, N content was 2.1 ± 0.2 mmol N g
-1

 DW. The shoot biomass 

of A. tripolium plants was 0.5 ± 0.2 g DW and root biomass was 0.2 ± 0.1 g DW, N content was 

3.0 ± 0.3 mmol N g
-1

 DW. 
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N uptake 

Both S. europaea and A. tripolium plants were able to take up NH4-N and NO3-N in all situations 

analysed, namely NH4
+
 and NO3

-
 supplied alone or combined, and in both starved and not 

starved plants. All regressions showed a good fit to the model used (Michelis-Menten). The 

exceptions were the A. tripolium NO3-N uptake rates with both NH4
+
 and NO3

-
 present in 

solution, where the r
2
 obtained were only 0.43 and 0.37, respectively in case of starved and non-

starved plants (Table 4.6). All presented uptake rates were calculated from 
15

N assimilated by 

plants and corrected for background non labelled N in solution. 

 Figure 4.13 presents the S. europaea N uptake rates at different N concentrations in 

solution, and the determined Michaelis-Menten model for each situation analysed. In every case 

determined Smin was not significantly different than 0, determined Vmax and Km, as well as the 

obtained r
2
 for each fitting are presented on Table 4.6. 

 The NH4
+
 maximum uptake rates determined for starved S. europaea plants were not 

significantly different when N was supplied as NH4
+ 

only, or together with NO3
-
. Similarly, the 

NO3-N maximum uptake rates were not significantly different when the N source was NO3
-
 only, 

or NO3
- 
and NH4

+
 combined. Nonetheless, the NH4-N maximum uptake rate was higher than the 

NO3-N uptake rate, either when both forms of N were supplied separately or combined 

(p<0.001). 

 In the case of non-starved S. europaea, the NH4-N maximum uptake rates when NH4
+
 

was supplied alone were not significantly different than when NH4
+ 

was supplied combined with 

NO3
-
, or compared to NO3-N maximum uptake rate when the sole N source was NO3

-
. However, 

the NO3-N maximum uptake was lower when both NO3
-
 and NH4

+
 were present in solution, 

compared to NO3-N uptake when supplied alone (p=0.002), and also compared to the NH4-N 

maximum uptake rate when NO3
-
 and NH4

+
 were present in solution (p<0.001). 

 The NH4-N maximum uptake rates by S. europaea plants were not significantly different 

between starved and non-starved plants, neither when NH4
+ 

was supplied alone nor when 

combined with NO3
-
. On the other hand, NO3-N maximum uptake rate was lower in starved S. 

europaea plants than in non-starved plants when the N source was NO3
-
 only (p=0.005), and not 

significantly different when both N forms were present in solution. 

 The Km constant was significantly different for starved S. europaea in plants where NH4
+
 

and NO3
- 
only were supplied separately (p=0.002) and in non-starved plants only when NO3

-
 and 

NH4
+
 were supplied together (p=0.029). No other significant differences were observed between 

the various Km’s determined. 
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a)           b) 

  

c)           d) 

  

Figure 4.13 – S. europaea N uptake rates (µmol N g
-1

 root DW h
-1

) at a range of nitrogen concentrations, and 

supplied as: a) 
15

NH4
+
 only, b) 

15
NH4

+
 + NO3

-
, c) NO3

- 
only, d) 

15
NO3

- 
+ NH4

+
. Symbols represent measured uptake 

rates and lines the uptake rates predicted by fitting the Michaelis-Menten model. Full line (◊) represent starved 

plants, dashed line (∆) represent non starved plants.  

 

The measured uptake rates at different N concentrations for A. tripolium plants are presented in 

Figure 4.14 together with the estimated Michaelis-Menten model regression. In every case 

determined Smin was not significantly different than 0. Determined Vmax and Km, as well as the 

obtained r
2
 for each regression are presented on Table 4.6. 

 Starved A. tripolium plants (as in the case of S. europaea) had higher NH4-N maximum 

uptake rates than NO3-N, both when the two forms of N were supplied separately or combined 

(p≤0.002). NH4-N maximum uptake rates were not significantly different if N was supplied as 

NH4
+
 only or in combination with NO3

-
. The NO3-N maximum uptake rates were not 

significantly different between NO3
-
 sole supply or NO3

-
 and NH4

+
 supplied together. 

 In non-starved A. tripolium plants the NH4-N maximum uptake rates when NH4
+
 was 

supplied alone were not significantly different than when NH4
+ 

was supplied combined with 

NO3.
-
. However, NO3-N maximum uptake rates were higher in plants receiving NO3

-
 only, 

compared to plants receiving a combination of NH4
+
 and NO3

-
 (p<0.001). And NH4-N maximum 
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uptake rates were higher than NO3-N uptake, both comparing the uptake from NH4
+ 

only and 

NO3
-
 only solutions (p=0.008), and when comparing the uptake rates from solutions containing a 

combination of both forms (p<0.001). 

 When the N supply consisted of both N forms combined, neither NH4-N nor NO3-N 

maximum uptake rates were significant different between starved and non-starved A. tripolium 

plants. When each N form was supplied alone the maximum uptake rate differed: In these cases, 

while NH4-N maximum uptake rate was higher for starved plants (p=0.032), and the NO3-N 

maximum uptake rate was higher in non-starved plants (p<0.001). No significant differences in 

the Km constant were observed across any treatment in relation to A. tripolium.  

Additionally, the NO3-N uptake rate was investigated for several ratios of NH4
+ 

to NO3
- 

in 

solution, obtained by combining different concentrations of NH4
+
 and a constant NO3

-
 

concentration (~1000 µmol NO3
-
 l

-1
). 

 

a)           b) 

  

c)           d) 

 

Figure 4.14 – A. tripolium N uptake rates (µmol N g
-1

 root DW h
-1

) at a range of nitrogen concentrations, and 

supplied as: a) 
15

NH4
+
 only, b) 

15
NH4

+
 + NO3

-
, c) NO3

- 
only, d) 

15
NO3

- 
+ NH4

+
. Symbols represent measured uptake 

rates and lines the uptake rates predicted by fitting the Michaelis-Menten model. Full line and ◊ are for starved 

plants, ∆ and dashed line are for not starved plants.  
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Above it was shown that NO3-N maximum uptake rate was not different with or without NH4
+ 

in 

solution for starved plants, but it was higher when NO3
-
 was supplied alone in case of not starved 

plants. Here, the higher NO3-N uptake rate when there was virtually no NH4
+
 in solution (0.3% 

of the NO3
-
 supply), in comparison to uptake when N supplied as equimolar mix of NH4

+
 and 

NO3
-
, was confirmed for non starved plants (p<0.001). Additionally it is shown that as little as 

30% of NH4
+
 in solution decreases the NO3-N as much as the presence of 235% of NH4

+
, in both 

S. europaea and  A. tripolium plants (p<0.001 and p≤0.004, respectively) (Figure 4.15a and b). 

 

 

 

Table 4.6 – S. europaea and A. tripolium N uptake parameters for 
15

NH4
+
, 

15
NH4

+
 + NO3

-
, 

15
NO3

-
 and NH4

+
 + 

15
NO3

-

, for starved and not starved plants. Maximum uptake rate (Vmax) and half saturation constant (Km) were obtained by 

fitting the observed N uptake rates to modified Michaelis-Menten model (Smin is not presented because it was never 

significantly different from 0). 

 
Vmax 

(µmol N g
-1

 root DW h
-1

) 

Km 

(µmol N l
-1

) 
r

2
 

S. 

europaea 

 

Starved 

15
NH4

+
 70.6 ± 4.4 225± 52 0.91 

15
NH4

+
 + NO3

-
 79.3 ± 9.0 357 ± 122 0.79 

15
NO3

-
 10.0 ± 0.8 28 ± 17 0.52 

NH4
+
 + 

15
NO3

-
 9.1 ± 0.6 55 ± 25 0.66 

Not starved 

15
NH4

+
 61.8 ± 8.9 457 ± 178 0.81 

15
NH4

+
 + NO3

-
 77.6 ± 10.0 984 ± 266 0.90 

15
NO3

-
 44.6 ± 10.4 690 ± 376 0.68 

NH4
+
 + 

15
NO3

-
 7.0 ± 0.9 219 ± 107 0.67 

A. 

tripolium 

Starved 

15
NH4

+
 63.0 ± 7.8 218 ± 103 0.70 

15
NH4

+
 + NO3

-
 47.6 ± 5.8 147 ± 85 0.64 

15
NO3

-
 7.8 ± 1.4 267 ± 164 0.58 

NH4
+
 + 

15
NO3

-
 4.5 ± 0.7 114 ± 92 0.43 

Not starved 

15
NH4

+
 37.3 ± 5.9 243 ± 140 0.62 

15
NH4

+
 + NO3

-
 34.6 ± 4.5 189 ± 103 0.68 

15
NO3

-
 18.0 ± 1.7 98 ± 43 0.72 

NH4
+
 + 

15
NO3

-
 3.1 ± 0.5 79 ± 74 0.37 
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a)           b) 

  
Figure 4.15 –NO3-N uptake rate (µmol N g

-1
 root DW h

-1
) for a range of NH4

+ 
to NO3

-
 ratios, a) S. europaea, b) A. 

tripolium non starved. Means sharing a letter do not differ significantly. 

 

 

Discussion 

Halophyte plants have the capacity for NH4
+
 and NO3

-
 uptake comparable of those of terrestrial 

and aquatic plants (Stewart et al. 1973, Stewart and Rhodes 1978). In the present work it was 

demonstrated that S. europaea and A. tripolium can utilize both NH4
+
 and NO3

-
 and grow well 

when either form is supplied by itself or when both forms are supplied together. Even though 

NH4
+
 is often the major form of N in aquaculture wastewater, NO3

-
 can dominate in recirculating 

systems that include bacterial biofilters (Gelfand et al. 2003, McCarthy and Gardner 2003, 

Arredondo-Figueroa et al. 2007). Although DIN concentration in wastewater is highly variable 

and dependent on many factors, it usually increases as the intensity of the operations increases 

(Piedrahita 2003). Based on the measured plant performance in the present study it is predicted 

that either S. europaea or A. tripolium plants could achieve satisfactory plant production in 

various IMTA systems, providing high N concentration in wastewater. 

 A preference for a particular N source is known to vary with plant species, while in some 

cases N source does not affect plant growth (Martins-Loucao et al. 1993, Mahmood et al. 2005, 

Tylova-Munzarova et al. 2005, Dominguez-Valdivia et al. 2008, Jampeetong et al. 2012a), in 

other cases plant growth strongly depends on the N source. Often a combination of NH4
+
 and 

NO3
-
 results in better plant growth than when either form is supplied separately (Shaviv and 

Hagin 1988, Heberer and Below 1989, Adriaanse and Human 1990, Bloom et al. 1993, Siddiqi et 

al. 2002, Kant et al. 2007, Nicodemus et al. 2008). Nonetheless some plant species grow better in 

NO3
- 
(Kirkby and Mengel 1967, Lasa et al. 2001, Britto and Kronzucker 2002, Guo et al. 2002, 

Kant et al. 2007, Dominguez-Valdivia et al. 2008, Borgognone et al. 2012), or in NH4
+ 

(Mendelssohn 1979, Martins-Loucao et al. 1993, Wang et al. 1993, Brix 1999, Tyler et al. 2003, 
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Mahmood et al. 2005, Tylova-Munzarova et al. 2005, Fang et al. 2007a, Jampeetong and Brix 

2009b, Horchani et al. 2010, Konnerup and Brix 2010, Jampeetong et al. 2012a). Despite the fact 

that some plants show better growth under NH4
+
, in some other species NH4

+
 can result in 

toxicity when it is supplied as the sole N source (Raab and Terry 1994, Britto and Kronzucker 

2002, Guo et al. 2002, Houdusse et al. 2005, Tylova-Munzarova et al. 2005, Houdusse et al. 

2008, Tylová et al. 2008, Garnica et al. 2009). Sági and Erdei (2005) described signs of toxicity 

in A. tripolium plants grown in NH4
+
 only, including unhealthy and brown roots with necrotic 

root tips, decreases in plant growth; and necrotic lesions on stems and leaves (the N 

concentration was not reported). Also Jefferies (1977) observed poor growth of A. tripolium 

plants when grown in NH4
+
 comparing to NO3

-
 (100 µmol l

-1
). In the present study, however, no 

signs of NH4
+
 toxicity were observed in the A. tripolium plants, and while final shoot biomass 

was not different between the three N treatments investigated (~600 µmol l
-1

), the root biomass 

was even higher in NH4
+
 treatment, than in NH4NO3. On the other hand, final biomass (shoot 

and root) of S. europaea plants grown in NH4
+
 only was lower than both in the NO3

-
 only 

treatment, and then when both NO3
-
 and NH4

+
 were supplied together. These results are in 

agreement with the work of Ventura et al. (2010) who compared S. europaea growth between 

NH4
+
 and NO3

-
 supply (5 mmol l

-1
), and similarly observed lower growth when only NH4

+
 was 

supplied. However, Jefferies (1977) observed no differences in S. europaea growth when 

supplied with NH4
+
 and NO3

-
 (100 µmol l

-1
). In contrast, Kudo and Fujiyama (2010) observed 

better growth of . S. bigelovii grown on NH4
+ 

compared to NO3
-
, for concentration 1-3 mmol l

-1
 

and no differences at 4 mmol l
-1

. The differences between the S. europaea studies are then 

probably related to the tested concentrations and supply regime, and at the lower concentration 

NH4
+
 is tolerated. However, at higher concentrations the supply of NH4

+
 by itself is toxic to 

plants, and similar performance has been observed often in several plant species (Jampeetong 

and Brix 2009b, a, Jampeetong et al. 2012b).  As has been observed in several other plant 

species,  the presence of equimolar NO3
-
 in solution alleviates NH4

+
 toxicity on S. europaea and 

the consequent decrease on growth, although the reasons for these effects are still not known 

(Martins-Loucao et al. 1993, Stitt 1999, Britto and Kronzucker 2002, Houdusse et al. 2005, 

Houdusse et al. 2008). 

 Besides an overall decrease in growth, NH4
+
 toxicity often results in a stronger inhibition 

in root growth and consequent increase in shoot:root ratios in a range of plants (Raab and Terry 

1994, Britto and Kronzucker 2002 and references therein, Guo et al. 2002). However, this was 

not the observed in the present work; while no differences were identified in A. tripolium shoot 
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to root ratios, in S. europaea, the ratio was lower in the NH4
+
 treatment, intermediate in NO3

-
 and 

higher in NH4
+ 

plus NO3
-
.  

  In relation to the total N retained in the plants at the end of the growth experiment, in A. 

tripolium no differences were observed between plants supplied with the different N source. 

However, in S. europaea, less N was retained in the NH4
+ 

treatment comparing to the two other 

N supply treatments. When expressing N content per unit of root biomass (g root DW), the N 

content in S. europaea was lower in the NH4
+ 

treatment, suggesting a lower uptake of NH4-N 

comparing to NO3-N when both N forms are supplied separately. In A. tripolium, the N content 

(mmol N g
-1

 root DW) was lower in the NH4
+
 treatment, intermediate in NO3

-
 and higher in the 

mixed NH4NO3 treatment, suggesting that NH4-N uptake rate was lower than NO3-N when 

supplied separately, and that uptake of NH4-N, NO3-N or both was enhanced when both are 

present in solution. 

 NH4-N and NO3-N uptake kinetics parameters have not previously been determined for 

either A. tripolium or S. europaea. Diurnal patterns for NH4-N and NO3-N root uptake have been 

observed in many plants (Clement et al. 1978, Raman et al. 1995, Macduff et al. 1997, Peuke and 

Jeschke 1998, Tischner 2000). In the present work, despite the lack of statistical significant 

differences in most cases, for both plant species and N forms the uptake was minimal in the early 

hours of the day and increased towards the end of day and so to decrease variability, the kinetics 

uptake experiments were conducted during the middle of the day. Although irradiance was not 

constant, the range is considerably reduced comparing to the daily fluctuations (irradiance effects 

on DIN uptake is investigated in the next chapter). The measured A. tripolium and S. europaea
 

15
N uptake, as NH4

+ 
and NO3

-
 when supplied separately or in a equimolar mix, at a range of 

concentrations, both in plant with continuous supply of N and plants N starved for 48h, were 

good fits to the Michaelis Menten model, with the exception of A. tripolium NO3-N uptake rates 

when NH4
+ 

was also present in solution. The general good fit to the Michaelis Menten model up 

to 2 mmol l
-1

 indicates that for these plants HATS are responsible for N uptake at the tested 

concentrations. Even if it different kinetics are observed at higher N concentrations, the tested 

range of concentration includes N concentrations likely to occur in both natural environment and 

aquaculture wastewater (Henry and Jefferies 2002, Lin et al. 2003, Deviller et al. 2004, Lin et al. 

2005, Webb et al. 2012).  

 In other studies, both N starved (Romero et al. 1999, Henry and Jefferies 2003a, 

Jampeetong and Brix 2009b, Zhang et al. 2009, Jampeetong et al. 2012a) and non-starved 

(Morris 1980, Tylova-Munzarova et al. 2005, Fang et al. 2007a, Fang et al. 2007b, Konnerup 

and Brix 2010, Mozdzer et al. 2010) plants have been used to investigate N uptake. It was 



Chapter 4 

95 

demonstrated here that the maximum N uptake may be different depending on the immediately 

previous N supply and therefore some caution is recommended when extrapolating results into 

models and comparing results between different studies.  

 In relation to NO3-N uptake, due to the existence of iHATS and cHATS, uptake of NO3-

N is expected to depend in part on the presence of NO3
-
 in solution prior to the measurement of 

uptake (Crawford and Glass 1998, Cerezo et al. 2000, Glass et al. 2002). This is consistent with 

the present results, since in both plant species, when NO3
-
 is supplied alone, NO3-N uptake was 

higher in non-starved comparing to N-starved plants. Additionally, in the case of S. europaea, it 

was shown that after 2 h of NO3
-
 supply to previously starved plants, NO3-N uptake is similar to 

that of non-starved plants. In the case of NH4-N uptake, the observations are consistent with 

presence of cHATS only; S. europaea did not exhibit differences in maximum uptake between N 

starved and non-starved plants. On the other hand, A. tripolium exhibited higher NH4-N uptake 

in starved plants, which could indicate a high demand for N due to the previous lack of N supply, 

as described for other plants (Lee and Lewis 1994, Forde and Clarkson 1999). However, if that 

was the case, then higher, NH4-N uptake would be expected if NH4
+
 is supplied together with 

NO3
- 
to starved plants, which was not observed. When NH4

+ 
was present, NO3-N uptake by A. 

tripolium plants showed a poor fit to the Michaelis-Menten model.  

 Both in the case of starved and non-starved plants, there was a high variability in uptake 

between replicate plants. It is not clear if this reflects an inherent natural variability or is a result 

of the experimental design. Nevertheless, in both S. europaea and A. tripolium plants, when 

NH4
+ 

was present in solution the maximum NO3-N uptake was lower than when supplied alone 

in non-starved plants, but not different in case of starved plants. Similar inhibition of NO3-N 

uptake by the presence of NH4
+
 in solution has often been observed in other plant species (De la 

Haba et al. 1990, Kronzucker et al. 1999, Ruan et al. 2007, Wang et al. 2010), even though the 

mechanism is still not understood. In the present study, NH4-N uptake was not different when 

NH4
+ 

was
 
supplied alone or together with NO3

-
, and was always higher than NO3-N uptake, with 

the exception of in non-starved S. europaea for single N forms supplied alone, where there was 

no significant differences between NH4-N and NO3-N maximum uptakes.  

 Several hypotheses have been proposed to explain the toxicity of NH4
+
, but none have yet 

been conclusively confirmed (Britto et al. 2001 and references therein, Britto and Kronzucker 

2002). From the S. europaea plants growth and N content results, one would expect lower NH4-

N uptake rates than NO3-N, when each is supplied separately to non-starved plants. The lack of 

observed differences in the measured NH4-N and NO3-N uptake rates may indicate that a higher 

proportion of the N taken up as NH4
+
 was lost from the plants after being taken up. According to 
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(Britto and Kronzucker 2002) plants cannot store NH4
+
 in excess, and at high external 

concentrations a proportion of NH4-N is not assimilated by the plant and is returned to the 

solution. This futile cycle of NH4-N requires energy and may be the reason of the lower growth 

observed. Also the observed higher NH4-N uptake rate in A. tripolium was not translated in 

significantly higher growth or N content in the NH4
+
 treatment, indicating that some of the NH4-

N uptake may be redundant. 

 

 

Conclusions 

The results obtained in the present study indicate that, with continuous supply of N, under the 

concentrations tested, A. tripolium had no apparent preference for either of the N forms and is 

tolerant to NH4
+
. S. europaea is sensitive to NH4

+ 
when supplied alone, reflected in decreased 

growth, and this toxicity is alleviated when NH4
+
 and NO3

- 
are supplied together. Further 

investigation is necessary to better understand the concentrations at which NH4
+
 becomes toxic 

to S. europaea and to understand the toxicity mechanism, particularly the possibility of increased 

efflux from the roots. In relation to use of these plants in IMTA system, the inclusion of a 

bacterial biofilter before the plant-unit would reduce the negative effects of NH4
+
 on S. europaea 

and consequently provide a better growth and N removal. 
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Introduction 

Both Salicornia europaea and Aster tripolium are halophyte plants of interest for inclusion in 

IMTA systems due their many commercial applications, including human consumption. 

Halophytes are plants that survive and reproduce in environments where the salt concentration is 

around 200 mmol l
-1 

NaCl or more (salinity ≥ 12) (Flowers et al. 1986). 

 In order take up water, plants need to accumulate salt ions (Na
+
, Cl

-
) so they maintain 

their water potential below that of the external water potential. However it has been shown that 

different enzymes isolated from halophyte plants are as sensitive to Na
+ 

as those from non-

halophyte plants, therefore suggesting that halophyte plants have to maintain low Na
+
 

concentrations in the cytoplasm where biochemical processes take place (Flowers 1972, 

Greenway and Osmond 1972, Stewart and Lee 1974, Albert 1975, Flowers et al. 1977, Koyro et 

al. 2008). Halophytes use different mechanisms to prevent Na
+
 accumulation in cell cytoplasm, 

including: regulation of ion concentrations, ion compartmentalisation and production of 

osmotically active compatible solutes (Flowers 1972, Flowers et al. 1977, Glenn et al. 1999, 

Khan et al. 2001, Flowers and Colmer 2008, Koyro et al. 2008) while maintaining adequate 

water potential. Some halophyte species are capable of excluding excess salt ions, either using 

specialized structures such as salt glands, through root membranes, or by accumulating salt in 

specific portions of the plant that are then discarded (eg. old leaves) (Albert 1975 and references 

therein, Glenn et al. 1999, Koyro et al. 2008, Balnokin et al. 2010). However most of halophytic 

plants do not exclude salt ions, but rather accumulate salt and use other strategies to avoid build 

up of toxic concentrations in the cytoplasm. Often halophyte plants can respond to salt stress by 

accumulating Na
+
 in vacuoles, and increasing the synthesis of compatible solutes 

compartmentalised in the cytoplasm, with many of the compatible solutes accumulated by 

halophytes being nitrogenous compounds (proline, betaines, choline and polyamines) (Flowers et 

al. 1986, Hare et al. 1998, Glenn et al. 1999, Naidoo and Naidoo 2001, Flowers and Colmer 

2008, Koyro et al. 2008). 

 Different species use different mechanisms, or combinations of mechanisms to achieve 

salt tolerance, and the optimum external salt concentration and the tolerance range of salt 

concentration are widely variable between halophytes. In fact, growth responses to external 

salinity have been used to classify halophytic plants: plants that present optimal growth at 

moderate salinities (6–18) and continue to grow and survive at salinities up to 40 (euhalophytes); 

plants that show optimal growth at very low salinities and continue to grow at reduced rates even 
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at higher salinities (miohalophytes); and plants which growth is greatly reduced even at moderate 

salinity, and salinities over 18 are lethal (Greenway and Munns, 1980 in Bell and O'Leary 2003). 

 Salicornia europaea can withstand greater than full seawater salt concentration and is 

one of the most salt-tolerant plant species studied (Cleall-Harding 2008, Aghaleh et al. 2009, 

Balnokin et al. 2010, Sulian et al. 2012), though it performs poorly at very low salinities (Keiffer 

et al. 1994, Moghaieb et al. 2004, Cleall-Harding 2008, Balnokin et al. 2010). S. europaea 

optimum growth has been measured at external salinities between 6 and 24  (Ushakova et al. 

2006, Cleall-Harding 2008, Balnokin et al. 2010, Aghaleh et al. 2011, Sulian et al. 2012). S. 

europaea increases tissue Na
+
 concentration (in vacuoles) with increasing external salinity, and 

Na
+
 in shoots has been shown to make up to 50% of DW (Momonoki et al. 1996, Moghaieb et 

al. 2004, Ushakova et al. 2005, Ushakova et al. 2006, Zheng et al. 2009, Balnokin et al. 2010, 

Aghaleh et al. 2011, Sulian et al. 2012). Also increase in the concentration of osmolytes, such as 

betaine, proline and glutamic acid, with increasing external salinity has been observed in S. 

europaea (Momonoki and Kamimura 1994, Moghaieb et al. 2004, Ushakova et al. 2006, 

Aghaleh et al. 2011). 

 On the other hand, A. tripolium is less salt tolerant, with several studies reporting a 

reduction in growth with increasing salinity (Larher et al. 1982, Shennan et al. 1987a, Lenssen et 

al. 1995, Ramani et al. 2006), e.g. Ramani et al. (2006) demonstrated a decreased growth with 

increasing salt concentrations, 0, 257 and 513 mmol NaCl l
-1

. Similar to S. europaea, A. 

tripolium does not possess salt excretory specialized structures, however, it does eliminate salt 

through the shedding of old salt-saturated leaves (Albert 1975). Na
+ 

concentration increases in A. 

tripolium plant tissues with increasing external salinity, as do osmolyte concentrations, 

particularly proline and glycine betaine (Goas et al. 1982, Larher et al. 1982, Shennan 1987, 

Shennan et al. 1987b, Perera et al. 1994, Ueda et al. 2003, Sági and Erdei 2005, Ramani et al. 

2006, Geissler et al. 2009a). 

 Due to the altered uptake of salt ions with varying external salinity, the uptake of other 

ions present in solution can be affected, for instance K
+
 and Ca

2+
 or P contents have been 

observed to change with salinity in some halophytes (Brown et al. 2006, Amiri et al. 2010), 

including S. europaea (Aghaleh et al. 2009, but see also Zheng et al. 2009) and A. tripolium 

(Sági and Erdei 2005). Little information is available on N uptake in relation to external salinity. 

In most higher plants, the NO3
- 
assimilated is reduced to NO2

-
 (catalysed by nitrate reductase, 

NR), and from NO2
-
 to NH4

+
 (catalysed by nitrite reductase, NiR) (Guerrero et al. 1981, Siddiqi 

et al. 1990, Kronzucker et al. 1995, Forde 2000). NH4
+
, taken up by roots, or resulting from NO3

-
 

reduction, is converted first to glutamine by the action of glutamine synthetase (GS) and then to 
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glutamate by the action of glutamate synthetase (GOGAT). These two amino acids serve as the 

precursors for the synthesis of the other amino acids as well as almost all nitrogenous 

compounds (Guerrero et al. 1981, Knoepp et al. 1993, Tischner 2000, Guo et al. 2007) (see 

chapter 4 for S. europaea and A. tripolium DIN uptake kinetics). 

 As mentioned above, both S. europaea and A. tripolium accumulate more nitrogenous 

osmolytes with increasing salinity, suggesting an increasing in N uptake, although it can also 

result in preferential assimilation of N into those forms. When expressed per unit of dry weight, 

N content in S. europaea plants has been shown to be lower in plants grown in saline water, in 

comparison to those grown in almost freshwater (Ushakova et al. 2005, Ushakova et al. 2006, 

Cleall-Harding 2008). In the case of A. tripolium the total N content was been shown to decrease 

with increasing external salinity in the work carried out by Geissler et al. (2009b). On the other 

hand Sági and Erdei (2005) measured an increase in NR activity in A. tripolium with increasing 

salinity (between 0 and 200 mmol NaCl l
-1

) in NO3
-
-supplied plants, and increase in GS in the 

leaves of NH4
+
-supplied plants, suggesting that salinity may increase N uptake. Larher et al. 

(1982) also measured a slight increase in total N plant content with higher external salinity. 

 Other than salinity, additional environmental factors may influence the uptake rates of 

NH4
+
 and NO3

-
 in S. europaea and A. tripolium. It has been repeatedly demonstrated that light 

stimulates plant NO3
-
 uptake, as well as NR synthesis and activity in various higher plants 

(Haynes and Goh 1978, Naik et al. 1982, Campbell 1988, Lillo 1994, Lillo 2008). However most 

of the available information compares the situation of dark versus light conditions, and not 

between different irradiances. Also changes in N uptake during the day have often been observed 

(Clement et al. 1978, Raman et al. 1995, Macduff et al. 1997, Peuke and Jeschke 1998, Tischner 

2000), however, the distinction between the effect of light intensity and the time elapsed since 

the dark period are not easily separated. However, since plant N metabolism is partially coupled 

to photosynthesis and it is generally accepted that photosynthesis rates increase with increasing 

irradiance up to a saturation point, and possibly photoinhibition, it is possible that a similar 

response in N uptake exists. 

 Temperature also affects N uptake in higher plants (Bassirirad 2000 and references 

therein, Dong et al. 2001, Calatayud et al. 2008). NR activity has been shown to be sensitive to 

high temperatures (Calatayud et al. 2008 and references therein) and studies measuring 
15

N 

uptake showed increased uptake with increasing temperature in several plant species (Dong et al. 

2001 and references therein). 

The work described here investigated the growth and N uptake rates (NO3-N and NH4-N) 

in S. europaea and A. tripolium at different salinities, in order to find the salinity for optimum 
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plants performance in IMTA systems, when N is not limiting. It is hypothesised that S. europaea 

performs better at medium and high salinities, while A. tripolium performs better at low and 

medium salinities. To test this hypothesis, plants were grown at 3 different salinities, 1, 10 and 

30 and biomass and 
15

N uptake measured. The short term effects of different light intensity and 

temperatures on N uptake rates (NO3-N and NH4-N) by the two halophyte species were also 

investigated using 
15

N enriched solution in order to support the better modelling of N removal 

from aquaculture wastewater, and the hypotheses that both, increasing irradiance and 

temperature, will increase N uptake are tested. 

 

 

Methods 

Plants 

S. europaea seeds (6
th 

and 7
th

 generations of plants held at Bangor University) were obtained 

from plants cultivated in  greenhouses, and A. tripolium seeds were collected from a local 

saltmarsh (Mochras, 52°81'70.29"N, 4°13'68.75"W). Seeds were stored at -20 °C until used in 

the experiments. S. europaea and A. tripolium seeds were germinated in a climate-controlled 

greenhouse (16h photoperiod), in P576 plug trays with John Innes No.1 compost with continuous 

immersion in fresh water. Approximately one week after sowing, the water supply was changed 

to a salinity of 10 using TROPICMARIN
TM

 artificial sea salt, and Phostrogen fertiliser (N:P:K 

14:10:27 + trace elements; Bayer CropScience Ltd, Cambridge, UK) was added. After 

approximately 2 weeks, trays were thinned out to one plant per plug. The solution was frequently 

topped up with fresh water to compensate for evapo-transpiration, and fully replaced once a 

week. Approximately 2 weeks later the plants were individually removed from the compost, the 

roots cleaned of any substrate, and transplanted into a hydroponic raft system. 

 The hydroponic setup consisted of lysimeters (external dimensions: 60cm length * 40cm 

width * 32.5cm depth) holding approximately 55 l of solution and a polystyrene floating sheet, 

providing mechanical support for plants so that the roots were continuously immersed in water, 

each lysimeter was continuously aerated (Pond Air 4800 pump). 
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Salinity experiment  

To study the effect of three salinities in plant growth and N uptake, plants from each species 

were grown in 9 lysimeters, three replicates per salinity, over 22 d (calendar days 179 to 201). 

The experimental salinities 1, 10 and 30, were made by adding different amounts of sea salt 

(TROPICMARIN
TM

 artificial sea salt) to tap water. Nutrients were added to the irrigation water, 

at approximately 2000 µmol N l
-1 

as NH4NO3, 200 µmol P l
-1 

as Na2PO4, Hoagland’s 

micronutrient and Fe solutions (1 ml l
-1

). Solutions were replaced weekly to maintain nutrient 

concentrations. Filtered (0.45 µm) water samples were taken, both before and after each water 

change, immediately frozen and later analysed for dissolved inorganic phosphorous (P) and 

nitrogen. Dissolved inorganic phosphate (PO4
3-

), and N in the forms of nitrite (NO2
-
) and nitrate 

(NO3
-
) were determined, using a 5–channel LACHAT Instruments Quick-Chem 8000 

autoanalyzer after Grasshoff et al. (1983) and Hales et al. (2004). Ammonium (NH4
+
) was 

determined by fluorimetric method after Holmes et al. (1999) using HITACHI F2000 

fluorescence spectrophotometer. 

 Plant biomass was assessed when plants were transplanted into the hydroponic system 

(day 179), after dried in the oven at 50 °C for 1 week, both above-ground (shoot) and root dry 

weigh (DW) were measured in a subsample of S. europaea and A. tripolium plants. Between 

days 200 and 202 all plants were removed from the hydroponic system, 9 plants, shoot and root, 

from each species and each salinity were measured for fresh weight (FW), oven dried at 50°C 

dried and then weighed again (DW). For all remaining plants only DW was assessed.  

  On day 201, plants grown at the three salinities were individually incubated in 200ml 

solution, salinity 10, 1ml l
-1 

Hoagland micronutrient and Fe solutions, and nominal 

concentrations of 200 µmol P l
-1 

(Na2PO4), and 2000 µmol N l
-1 

, added either as equimolar 

15
NH4Cl + NaNO3 or equimolar NH4Cl + Na

15
NO3. Pots containing the solution and plants were 

kept in a water bath during the incubation period in order to keep the water temperature constant 

(Teco TR20 chiller/heater). For each salinity and each N treatment, 3 plants of each species were 

incubated for one hour. Filtered water samples were collected immediately before the incubation 

period and later analysed for P and N concentration, as described above. After incubation, plants 

were washed in distilled water and 0.1 mol l
-1

 CaCl2 solution, to remove any isotope tracer 

adsorbed to the root surface. Plant shoot was separated from root, oven-dried at 50°C and DW 

measured. The whole plant was then ground (Precellys 24-Dual, Bertin Technologies) and 

subsequently analysed for N and 
15

N content. Additionally, 3 plants of each species, not 

incubated in isotope-enriched solution, were analysed for 
15

N natural abundance. Isotopic 
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analysis of plant tissues was carried out at the University of California Davis stable isotope 

facility using a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 

isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). Excess atom per cent (at%) of the 

heavy isotopes was calculated as the difference between each sample heavy isotope at% (
15

N) 

and the mean natural abundance 
15

N at%. Shoot and root dry mass, N content, and heavy isotope 

at% excess where used to calculate µmol excess of heavy isotopes in the plant tissues. N uptake 

rates were calculated per unit root dry mass (g) per unit of time (h). 

 Irradiance, air and water temperatures were recorded throughout the experiment (Onset 

Hobo pendant temp/light UA-002-64). The recorded light data, in lux, was converted to µmol 

PAR m
-2

 s
-1

, after calibration against Li-Cor 190SA sensor. The calibration was obtained by 

taking readings at the same time with both sensors side by side (at different times of the day and 

weather forecasts) at the greenhouse (r
2
=0.92). 

 

 

Irradiance and temperature experiments  

On day 135 of 2012, 190 S. europaea and A. tripolium plants were transplanted to a similar 

hydroponic system as described previously, except all plants were grown at a salinity of 10.  

 On day 144, 130 plants of both species were covered with shade netting to obtain 7 levels 

of light irradiance (100%, 73%, 66%, 30%, 23%, 12% and 3% of ambient daylight). On the 

following day those plants, 5 replicates from each light level, were incubated for 1 h in 
15

N 

solutions (1000 µmol l
-1 

as 
15

NH4Cl-N or Na
15

NO3, 200 µmol P l
-1 

as Na2PO4, 1 ml l
-1 

Hoagland 

micronutrient and Fe solutions). Pots containing the solution and plants were kept in a water bath 

during the incubation period in order to keep the water temperature constant (Teco TR20 

chiller/heater). At the beginning of the incubation water samples were collected, stored and 

analysed for dissolved nutrients as previously described. 

 Between days 149 and 153, the remaining plants were sequentially moved from the 

greenhouse into a growth cabinet where air temperature was controlled. During this period the 

air temperature was set at 5 different levels and plants were incubated on 
15

N solution (20, 25, 

30, 35 and 40 °C), as previously described, after about 20h adaptation at each temperature. At 

the beginning of the incubation water samples were collected, stored and analysed for dissolved 

nutrients as described above. 

 In both cases, after 
15

N incubation plants were processed following the same protocol as 

described before, except plant N content and 
15

N at% was analysed at Mylnefield Isotope 
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Signatures laboratory, in a Thermo-Fisher Delta V Advantage coupled via a ConFlo IV module 

to a Flash Elemental Analyser (EA). 

 Irradiance, air and water temperatures were recorded throughout the experiment at the 

greenhouse (Onset Hobo pendant temp/light UA-002-64), and light data, in lux, was converted to 

µmol PAR m
-2

 s
-1

 as mentioned above. Irradiance in the growth cabinet, was measured with a 

Skye Instruments Ltd. portable quantum sensor, model SKP 200. 

 

 

Statistical analysis 

Differences in total N concentrations (sum of NO3
-
, NO2

-
, NH4

+
) and PO4

3- 
concentration in 

irrigation water, between days 179 and 201, were compared between salinities (1, 10 and 30) 

using ANOVA, after confirming homogeneity of variances (Levene’s test). For plants harvested 

on day 201, the correlation between S. europaea and A. tripolium shoot and root dry mass was 

investigated using Pearson product-moment correlation across the three salinities. Following a 

significant correlation, the nature of the relationship was investigated, linearity was confirmed 

using linear regression analysis and the slopes obtained compared using t-test after Bonferroni 

correction. Similar analysis was performed in relation, shoot and root, fresh to dry weight. Plant 

biomass (shoot and root, DW and FW) was compared, between the three salinity treatments, 

using ANOVA if variances were homogeneous (Levene’s test), and Bonferroni post hoc test 

following significant effect of salinity. When variances were not equal, the Kruskal-Wallis test 

was used instead and the LSD post hoc test performed for pairwise comparisons between 

salinities. Plant N content and N uptake rates were also investigated in relation to salinity effect 

using either ANOVA or the Kruskal-Wallis test, respectively for data with and without equal 

variances. Tukey post hoc test was used after significant ANOVA, and LSD after significant 

Kruskal-Wallis tests. The relationship between N uptake rate and irradiance was investigated 

using Pearson product-moment correlation. Following a significant correlation, the nature of the 

relationship was investigated; linearity was confirmed using linear regression analysis and the 

obtained slopes and intercepts compared using t-test after Bonferroni correction. N uptake rate at 

five different temperatures was evaluated using ANOVA, and when temperature was shown to 

have a significant effect on N uptake rate, the Tukey post hoc test was performed. 

 Values are reported as means ± standard deviation. The significance level was considered 

as <0.05 for all the statistical analysis performed. 
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Results 

Environmental data 

Plant growth 

Overall daily mean irradiance was 340 ± 122 and 306 ± 86 µmol  PAR m
-2

 s
-1

, respectively for 

the 2011 (days 181 to 202) and 2012 (days 137 to 151) periods the plants were grown in the 

hydroponic systems. 

 Between days 181 and 202 the mean daily water temperature was 27.4 ± 2.1 °C, and the 

minimum and maximum mean daily air temperatures, were, respectively, 18.1 ± 1.6 and 45.5 ± 

6.4 °C. While for the period between days 137 and 151, the mean daily water temperature was 

27.3 ± 1.1 °C, and the minimum and maximum mean daily air temperatures, were, respectively, 

18.1 ± 0.7 and 44.8 ± 3.8 °C. 

 The mean daily water temperature for the experimental period between days 181 and 202 

was 24.8 ± 1.3 °C, while the daily minimum was 21.9 ± 1.3 °C, and the daily maximum air 

temperature 28.0 ± 1.8 °C. Between days 137 and 151, the mean daily water temperature was 

25.6 ± 1.3 °C, while the daily minimum and maximum was 22.4 ± 2.3 °C and 28.5 ± 1.3 °C 

respectively. 

 For the period between days 137 and 151, the solution salinity varied 10.0 ±0.1 after each 

water change and 10.4 ± 0.2 immediately before the following water change. For the period 

between days 181 and 202, plants were grown at three different solution salinities (nominal 

salinities1 10 and 30) and the actual salinities are presented in Table 5.1. 

 

 
Table 5.1 – Measured mean (± standard deviation) salinity after and before each water change, for the three ies 

studied. 

Nominal 

salinity 

Measure salinity 

after change 

Measure salinity 

before change 

 1 1.03 ± 0.05 1.13 ± 0.05 

 10 10.0 ± 0.2 10.6 ± 0.2 

 30 29.6 ± 0.8 31.1 ± 1.1 
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N uptake 

The mean irradiance during the incubations investigating N uptake at three salinities, was 1236 ± 

492 µmol PAR m
-2

 s
-1

, air temperature 34.5 ± 2.1 °C, and water temperature 24.4 ± 0.3 °C. The 

mean irradiance, air and water temperature are presented in Table 5.2, for each salinity and N 

form tested during incubations, both for S. europaea and A. tripolium. 

 

Table 5.2 - Environmental data recorded during the 
15

N incubations, irradiance (µmol PAR m
-2

 s
-1

), air and water 

temperature (°C), for both species, salinity and 
15

N label (mean ± standard deviation). 

 
Nominal  

salinity 

15
N 

treatment 

Irradiance  

(µmol PAR m
-2

 s
-1

) 

Air temperature 

(°C) 

Water temperature 

(°C) 

S. europaea 

1 
NH4

+
 1296 ± 521 34.3 ± 2.3 24.5 ± 0.2 

NO3
-
 1315 ± 519 34.8 ± 2.3 24.5 ± 0.2 

10 
NH4

+
 1305 ± 527 34.5 ± 2.3 24.5 ± 0.2 

NO3
-
 1359 ± 558 34.8 ± 2.3 24.5 ± 0.2 

30 
NH4

+
 1301 ± 529 34.6 ±2.3 24.5 ± 0.2 

NO3
-
 1354 ± 566 34.7 ± 2.3 24.5 ± 0.2 

A. tripolium 

1 
NH4

+
 1162 ± 349 33.8 ± 2.1 24.3 ± 0.2 

NO3
-
 1202 ± 354 34.1 ± 2.3 24.4 ± 0.2 

10 
NH4

+
 1169 ± 347 34.0 ± 2.2 24.3 ± 0.2 

NO3
-
 1288 ± 525 34.2 ± 2.3 24.4 ± 0.2 

30 
NH4

+
 1179 ± 342 34.2 ± 2.3 24.3 ± 0.2 

NO3
-
 1303 ± 527 34.2 ± 2.4 24.5 ± 0.2 

 

 

The mean air temperature during the incubations investigating the N uptake at different 

irradiances was 36.5 ± 4.6 °C, and the water temperature was 27.1 ± 1.2 °C. The irradiance, 

measured during the same period, without shading, was 1518 ± 1030 µmol PAR m
-2

 s
-1

. Table 

5.3 shows the mean ambient irradiance, air and water temperatures during incubations for each 

plant species and N-form investigated. Table 5.4 shows the mean irradiance for each light 

treatment, calculated according to the shading levels applied. Salinity was 10.0 at the beginning 

of the 
15

N incubation in every case. 

 The mean irradiance during the incubations to investigate N uptake at different 

temperatures was 334 ± 23 µmol PAR m
-2

 s
-1

. Air and water mean temperatures from each 

temperature treatment and N-form tested during incubations are presented in Table 5.5. Salinity 

was 10.0 at the beginning of the 
15

N incubation in every case. 
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Table 5.3 - Environmental data recorded during the 
15

N incubations at several light levels, irradiance (µmol PAR m
-

2
 s

-1
), air and water temperature (°C), for each species and 

15
N label (mean ± standard deviation). 

 

15
N 

treatment 

Irradiance 

 (µmol PAR m
-2

 s
-

1
) 

Air 

temperature 

(°C) 

Water temperature 

(°C) 

S. europaea 
NH4

+
 1966 ± 1278 39.6 ± 5.2 28.1 ± 0.4 

NO3
-
 1634 ± 955 37.6 ± 3.5 27.9 ± 0.8 

A. tripolium 
NH4

+
 1243 ± 663 34.4 ± 3.0 25.4 ± 0.4 

NO3
-
 1227 ± 944 34.4 ± 4.2 27.0 ± 0.3 

 

Table 5.4 % - Measured irradiance (µmol PAR m
-2

 s
-1

) for each light level (%), for each species and 
15

N label 

(mean ± standard deviation). 

% 

Irradiance 

S. europaea A. tripolium 

NH4
+
 NO3

-
 NH4

+
 NO3

-
 

100 % 2126 ± 1329 1871 ± 919 1139 ± 600 1073 ± 723 

73 % 1501 ± 961 1271 ± 687 836 ± 448 787 ± 560 

66 % 1293 ± 865 1078 ± 623 727 ± 418 764 ± 578 

30% 555 ± 385 458 ± 282 362 ± 196 361 ± 278 

23% 430 ± 296 347 ± 219 289 ± 158 278 ± 223 

12 % 221 ± 151 174 ± 109 156 ± 81 141 ± 117 

3 % 55.0 ± 38.1 42.3 ± 27.2 40.8 ± 20.9 36.6 ± 31.2 

 

Table 5.5 – Air and water temperatures (°C) for each temperature treatment, for each species and 
15

N label (mean ± 

standard deviation). 

  S. europaea A. tripolium 

Nominal 

temperature 

(°C) 

15
N 

treatment 

Air 

temperature 

(°C) 

Water 

temperature 

(°C) 

Air 

temperature 

(°C) 

Water 

temperature 

(°C) 

20 
NH4

+
 21.3 ± 2.53 17.8 ± 1.79 21.0 ± 2.51 17.3 ± 1.61 

NO3
-
 20.7 ± 2.50 16.9 ± 1.45 20.6 ± 2.54 16.5 ± 1.33 

25 
NH4

+
 25.0 ± 2.14 23.1 ± 1.09 24.9 ± 2.09 23.0 ± 1.05 

NO3
-
 24.9 ± 2.05 22.9 ± 1.03 24.9 ± 2.07 22.7 ± 1.02 

30 
NH4

+
 29.0 ± 1.66 28.4 ± 1.48 28.9 ± 1.69 28.2 ± 1.39 

NO3
-
 28.9 ± 1.73 28.0 ± 1.31 28.9 ± 1.78 27.9 ± 1.25 

35 
NH4

+
 33.7 ± 0.94 31.2 ± 0.40 33.8 ± 0.98 31.2 ± 0.41 

NO3
-
 33.8 ± 1.01 31.2 ± 0.39 33.9 ± 1.02 31.2 ± 0.37 

40 
NH4

+
 42.0 ± 1.00 40.3 ± 2.89 42.0 ± 0.99 40.3 ± 2.94 

NO3
-
 42.1 ± 0.98 40.4 ± 3.01 42.1 ± 0.97 40.5 ± 3.10 
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Water inorganic nutrients 

Even though the same nutrients were added at each salinity (days 179 to 201), the mean nutrient 

concentrations in the irrigation water during growth were not similar between the 3 salinity 

treatments in all cases (Table 5.6). For S. europaea plants at a salinity of 1, the total DIN 

concentration was higher than both in salinities 10 and 30 (p≤0.02). For A. tripolium, irrigation 

water the N concentration was lower at salinity 10 than both salinity treatment 1 and 30 

(p≤0.008). P concentrations, for both species, were higher at salinity 1 than at salinities 10 and 

30 (p<0.05). However, in every case the overall mean N concentration was higher than 2000 

µmol l
-1

. In the experiment investigating N uptake at various light and temperature levels (days 

135 to 152) the plants were grown at a mean N concentration of 2047 ± 441 and 2033 ± 677 

µmol l
-1

, respectively for S. europaea and A. tripolium irrigation water, while P concentrations 

were 230 ± 50 and 227 ± 68 µmol l
-1

, respectively. During the incubations in the heavy isotope N 

solution, concentrations were as in Table 5.7. 

 

Table 5.6 - Overall measured mean (± standard deviation) dissolved inorganic nitrogen (DIN) concentration (µmol 

N l
-1

) and dissolved inorganic phosphorus (DIP) concentration (µmol P l
-1

) in irrigation water for each salinity 

during the plants growth period. 

 
Nominal 

Salinity 
DIN  (µmol N l

-1
) DIP (µmol P l

-1
) 

S. europaea 

1 2459 ± 188 273 ± 15 

10 2033 ± 427 237 ± 16 

30 2108 ± 467 234 ± 16 

A. tripolium 

1 2486 ± 191 277 ± 13 

10 2123 ± 260 243 ± 9 

30 2347 ± 118 235 ± 10 

 

Table 5.7 – Measured nutrient concentrations in irrigation water during 
15

N incubations, N as, NH4
+
, NO3

-
, and NO2

-
  

(µmol N l
-1

), and–PO4
3-

P (µmol P l
-1

) for each environmental factor studied and each 
15

N label used. 

Factor 
15

N label 
NH4

+
 

(µmol l
-1

) 

NO3
-
 

(µmol l
-1

) 

NO2
-
 

(µmol l
-1

) 

PO4
3-

 

(µmol l
-1

) 

Salinity 
NH4

+
 1022 ± 63 1018 ± 56 2.86 ± 1.54 

175 ± 17 
NO3

-
 972 ± 102 1139 ± 86 1.67 ± 1.61 

Light 
NH4

+
 999 ± 69 17.6 ± 2.7 4.08 ± 0.74 

155 ± 86 
NO3

-
 12.7 ± 0.7 1106 ± 148 3.36 ± 3.07 

Temperature 
NH4

+
 794 ± 127 21.4 ± 15.2 5.32 ± 3.14 

162 ± 28 
NO3

-
 14.6 ± 1.5 957 ± 192 2.48 ± 0.84 



Chapter 5 

110 

Effects of salinity on plant performance and N content 

Salinity 

S. europaea mortality was 15% at a salinity of 1, and only 2% and 5% respectively at salinities 

10 and 30. In the case of A. tripolium plants mortality was 36% at salinity 30, 2% at salinity 1 

and no plants died at salinity 10. 

  The shoot:root biomass relationships in plants grown at the different salinities were 

always linear (r
2
=0.79 and r

2
=0.81, respectively for S. europaea and A. tripolium p<0.001). In 

the case of S. europaea there was no significant difference between the slopes of the three 

relationships, 3.11 ± 0.08, 3.16 ± 0.03 and 2.82 ± 0.15, respectively for salinities 1, 10 and 30. 

While, A. tripolium the ratios were different between all treatments, at 3.05 ± 0.16, 1.80 ± 0.07 

and 2.05 ± 0.09, respectively for salinities 1, 10 and 30 (p<0.001). 

 The relationships between FW and DW of the above-ground and root biomass were all 

linear (r
2
>0.90, p<0.001), and the obtained slopes are presented in Table 5.8. Slopes from the 

FW and DW relationships for S. europaea shoots were all different between salinity treatments 

(p≤0.027), while for roots the slope for plants grown at a salinity of 1 was lower than for both 

salinities 10 and 30 (p<0.001), which were not significantly different. In case of A. tripolium, for 

both shoots and roots, the slope of relationships for plants grown at salinity 10 were higher than 

both salinities 1 and 30 (p≤0.012), which were not significantly different. 

 

Table 5.8 - S. europaea and A. tripolium, shoot and root fresh and dry weight (g) relationship slopes, for plants 

grown at salinities1, 10 and 30 (mean ± standard deviation). 
FW:DW slopes Shoot Root 

S. europaea 

Salinity 1 8.43 ± 0.24 6.65 ± 0.46 

Salinity 10 14.3 ± 0.5 10.7 ± 0.2 

Salinity 30 12.8 ± 0.3 9.73 ± 0.33 

A. tripolium 

Salinity 1 7.16 ± 0.33 8.29 ± 0.41 

Salinity 10 10.4 ± 0.2 11.2 ± 0.3 

Salinity 30 8.43 ± 0.60 7.44 ± 0.26 

 

 

Final above-ground biomass in S. europaea plants was lower at salinity 1 than at salinities 10 

and 30 (p<0.05), both when the final biomass was analysed as the measured DW (Figure 5.1a) 

and after converting to FW (Figure 5.1b) using the previously described relationships between 

shoot FW and DW for each salinity. Specific growth rates of S. europaea shoots were 0.016 ± 
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0.007, 0.052 ± 0.010 and 0.061 ± 0.012 g DW d
-1

, respectively for plants grown in salinities 1, 

10 and 30. 

 The final shoot biomass of A. tripolium (DW) was not significantly different between the 

3 salinities (Figure 5.1c). Specific growth rates were 0.036 ± 0.016, 0.036 ± 0.016 and 0.029 ± 

0.016 g DW d
-1

, respectively for plants grown in salinities 1, 10 and 30. However, final shoot 

fresh weight (Figure 5.1d) was higher in plants grown in salinity 10 than for both salinities 1 and 

30 (p≤0.019). 

 

a)             b) 

  

c)             d)

  
Figure 5.1 - Above-ground biomass from S. europaea plants a) dry weight (g DW) b) fresh weight (g FW), and 

from A. tripolium plants c) dry weight (g DW) d) fresh weight (g FW) grown at different salinities. Mean values 

sharing a letter do not differ significantly.  

 

In relation to the root biomass (Figure 4.2 a and b), for S. europaea the trends were similar to 

those observed in the shoots, with both DW and FW final biomass lower in plants from salinity 1 

then in salinities 10 and 30 (p<0.05). 

In the case of A. tripolium root biomass DW and FW (Figure 4.2c and d), in salinity 10 was 

higher than both on salinities 1 and 30 (p≤0.036). 

 The N contents of S. europaea plants grown at a salinity of 30 (2.15 ± 0.16 mmol N g
-1 

DW), were lower than for salinity 1 and 10 (2.45 ± 0.34 and 2.30 ± 0.17 mmol N g
-1

 DW, 
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respectively). When expressed g
-1 

FW, the N contents in plants grown at salinity 1 (1.33 ± 0.26 

mmol N g
-1

 FW) were higher than for salinity 10 (0.851 ± 0.101 mmol N g
-1

 FW) and 30 (0.847 

± 0.127 mmol N g
-1

 FW) (p<0.001 and p<0.05, respectively).  

 In A. tripolium, the N contents were lower in plants grown at salinity 30 (2.31 ± 0.63 

mmol N g
-1

 DW) than for salinity 1 (3.05 ± 0.76 mmol N g
-1

 DW, p=0.003) and salinity 10 (3.23 

± 0.67 mmol N g
-1

 DW , p<0.001), while there was no significant difference in the N contents 

between plants grown at salinities 1 and 30. However, when expressed as g
-1

 FW, the N contents 

of A. tripolium was not significantly different between plants grown at salinities 10 and 30 

(0.309 ± 0.064 and 0.274 ± 0.075 mmol N g
-1

 FW, respectively), but they were both lower than 

in plants grown at a salinity of 1 (0.425 ± 0.106 mmol N g
-1

 FW, p<0.001). 

 

 

Irradiance and temperature 

The S. europaea shoot biomass (DW) of plants used in 
15

N incubations was 0.11 ± 0.12 g DW 

and root biomass was 0.04 ± 0.09 g DW, while the whole plant N content was 2.0 ± 0.26 mmol 

N g
-1

 DW. In case of A. tripolium, the shoot biomass was 0.17 ± 0.09 g DW, and root biomass 

was 0.06 ± 0.07 g DW and whole plant N content was 2.8 ± 0.30 mmol N g
-1

 DW. 

 

 

Nitrogen uptake 

Salinity 

The N uptake rate by S. europaea plants (µmol N plant
-1

 h
-1

) at a salinity of 1 was lower than at 

salinities 10 and 30, both as NH4
+
 (p≤0.002) and as NO3

- 
(p≤0.026) (Figure 5.4b and d). When 

the N uptake rate is expressed as µmol N g
-1

 root DW h
-1 

it was lower at salinity 1 than at 

salinities 10 and 30, both as ammonium (p≤0.005) and as nitrate (p≤0.030) (Figure 5.4c and c). 

 The NO3-N uptake rate by A. tripolium plants (µmol N plant
-1

 h
-1

) was not significantly 

different between the three salinity treatments (Figure 5.5d), while NH4-N uptake rate was lower 

at salinity 10 than salinity 30 (p=0.018), though there was no significantly difference in NH4-N 

uptake rate between salinities 1 and 10, nor 1 and 30 (Figure 5.5b). When N uptake rate is 

expressed as µmol N g
-1

 root DW h
-1

, there were no significant differences in N uptake rates 

either as NH4
+
 or NO3

-
 (Figure 5.5a and c). 
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a)             b) 

 

c)             d) 

 

Figure 5.2 - Root biomass from S. europaea plants a) dry weight (g DW) b) fresh weight (g FW), and from A. 

tripolium plants c) dry weight (g DW) d) fresh weight (g FW) at different salinities. Mean values sharing a letter do 

not differ significantly.  

 

a)             b) 

 

c)             d) 

 

Figure 5.3 – Plant nitrogen content a) S. europaea (mmol N g
-1

 DW) b) S. europaea (mmol N g
-1

 FW), c) A. 

tripolium (mmol N g
-1

 DW), d) A. tripolium (mmol N g
-1

 FW), for plants grown at different salinities. Mean values 

sharing a letter do not differ significantly. 
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a)             b) 

  

c)             d) 

 

Figure 5.4 - S. europaea nitrogen uptake rate a) NH4-N uptake rate as mmol N g
-1

 root DW, b) NH4-N uptake rate 

as mmol N plant
-1

, c) NO3-N uptake rate as mmol N g
-1

 root DW, d) NO3-N uptake rate as mmol N plant
-1

, for plants 

at different salinities. Means sharing a letter do not differ significantly. 

 

a)             b) 

 

c)             d) 

 

Figure 5.5 – A. tripolium nitrogen uptake rate a) NH4-N uptake rate as mmol N g
-1

 root DW, b) NH4-N uptake rate 

as mmol N plant
-1

, c) NO3-N uptake rate as mmol N g
-1

 root DW, d) NO3-N uptake rate as mmol N plant
-1

, for plants 

at different salinities. Means sharing a letter do not differ significantly. 

0 

10 

20 

30 

40 

50 

1 10 30 N
H

4-
N

 u
p

ta
ke

 r
at

e
  

(µ
m

o
l N

 g
-1

 r
o

o
t 

D
W

 h
-

1 )
 

Salinity 

a 

b 

b 

0 

2 

4 

6 

8 

1 10 30 

N
H

4-
N

 u
p

ta
ke

 r
at

e
  

(µ
m

o
l N

 p
la

n
t-1

 h
-1

) 

Salinity 

b 
b 

a 

0 

5 

10 

15 

1 10 30 N
O

3
 -N

 u
p

ta
ke

 r
at

e
  

(µ
m

o
l N

 g
-1

 r
o

o
t 

D
W

 h
-

1 )
 

Salinity 

a a 

b 

0.0 

0.5 

1.0 

1.5 

2.0 

1 10 30 N
O

3
 -N

  u
p

ta
ke

 r
at

e
 

 (
µ

m
o

l N
 p

la
n

t-1
 h

-1
) 

Salinity 

a 

b 

b 

0 

10 

20 

30 

40 

1 10 30 N
H

4
+
-N

 u
p

ta
ke

 r
at

e
  

(µ
m

o
l N

 g
-1

 r
o

o
t 

D
W

 h
-

1 )
 

Salinity 

0 

2 

4 

6 

8 

10 

1 10 30 N
H

4+ -
N

 u
p

ta
ke

 r
at

e
 

 (
µ

m
o

l N
 p

la
n

t-1
 h

-1
) 

Salinity 

ab 

b 

a 

0 

2 

4 

6 

8 

10 

1 10 30 N
O

3 -N
 u

p
ta

ke
 r

at
e

  
(µ

m
o

l N
 g

-1
 r

o
o

t 
D

W
 h

-1
) 

Salinity 

0.0 

0.5 

1.0 

1.5 

2.0 

1 10 30 

N
O

3 -N
 u

p
ta

ke
 r

at
e

  
(µ

m
o

l N
 p

la
n

t-1
 h

-1
) 

Salinity 



Chapter 5 

115 

Effects of irradiance on N uptake 

The relationship between N uptake rate and irradiance was always linear (r
2
>0.58 and r

2
>68, 

respectively for S. europaea and A. tripolium, p<0.001) (Figure 5.6). The intercepts and slopes 

for the linear relationships are presented on Table 5.9. For both species the estimated N uptake 

rate in the dark was higher for NH4-N compared to that in plants supplied with NO3
-
 (p<0.001). 

 There were no significant differences between species, neither in respect to NH4-N or 

NO3-N uptake rate in the dark, nor in slopes of the relationships. In both species the increment in 

NH4-N uptake rate was about 1 µmol N g
-1 

root DW h
-1

 for an increase in irradiance of 100 µmol 

PAR m
-2

 s
-1

. For the same increase in irradiance, the increase NO3-N uptake rate was less than 

0.5 µmol N g
-1

 root DW h
-1

. 

 

 

a)             b) 

 

c)             d) 

 

Figure 5.6 – Nitrogen uptake rate (N g
-1

 root DW) at different light levels (µmol PAR m
-2

 s
-1

) a) S. europaea NH4-N 

b) S. europaea NO3-N, c) A. tripolium NH4-N d) A. tripolium NO3-N. 
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Table 5.9 – Slopes (µmol N g

-1
 root DWh

-1
 µmol

-1 
PAR m

-2
 s

-1
) and intercepts (µmol N g

-1
 root DWh

-1
) (± standard 

deviation) for linear regressions between N uptake (µmol N g
-1

 root DWh
-1

) and irradiance (µmol PAR m
-2

 s
-1

), for 

both species and 
15

N labels. 

 Slope Intercept 

S. europaea 
NH4

+
 0.008 ± 0.001 15.5 ± 1.64 

NO3
-
 0.003 ± 0.001 1.80 ± 0.45 

A. tripolium 
NH4

+
 0.011 ± 0.002 12.3 ± 1.35 

NO3
-
 0.004 ± 0.001 1.61 ± 0.67 

 

 

Temperature 

The NH4-N uptake rates by S. europaea (Table 5.7a) were lower at 20 °C, compared to those 

measured at temperatures between 25 °C and 35 °C (p<0.001), but not significantly lower than 

the NH4-N uptake rates at 40 °C. NH4-N uptake was higher at 25 °C comparing to 40 °C 

(p=0.002), while there were no other significant differences between temperatures. S. europaea 

NO3-N uptake rates (Table 5.7b) were also lower at 20 °C, compared to those at temperatures 

between 25 °C and 35 °C (p≤0.004), but not significantly lower than at 40 °C. NO3-N uptake 

rates were higher at 25 °C than at all other temperatures tested (p<0.001). 

 In A. tripolium, NH4-N uptake rates were not significantly different across the 

temperatures tested (Figure 5.8b), but the NO3-N uptake rates (Figure 5.8b) were lower at 20 °C 

compared with those measured at 25 °C and 35 °C (p≤0.039), but not significantly lower than 

uptake rates at 30°C and 40 °C. NO3-N uptake rates were higher at 35 °C, compared to those 

measured at 30 °C and 40 °C (p≤0.015). 

 

 

a)             b) 

 
Figure 5.7 – S. europaea N uptake (N g

-1
 root DW) for plants at different temperatures (°C). a) NH4-N, b) NO3-N. 

Means sharing a letter do not differ significantly. 
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a)             b) 

 

Figure 5.8 – A. tripolium N uptake (N g
-1

 root DW) for plants at different temperatures (°C). a) NH4-N, b) NO3-N. 

Means sharing a letter do not differ significantly. 

 

 

Discussion 

This study confirmed that S. europaea and A. tripolium plants have their optimal performance at 

different salinities. While a higher mortality of S. europaea (15%) was observed when plants 

were grown at a salinity of 1, the highest mortality of A. tripolium plants (36%) was observed at 

a salinity of 30. Besides the high mortality, growth responses to salinity were different in both 

species. As described in previous works (Balnokin et al. 2010, Cleall-Harding 2008, Keiffer et 

al. 1994, Moghaieb et al. 2004) S. europaea above-ground and root biomasses were lower at a 

salinity of 1 compared to the higher salinities investigated. On the other hand, A. tripolium 

above-ground dry weight was not different between the salinities tested, even though root 

biomass was higher in plants grown at salinity 10. Previous studies on A. tripolium have 

concluded that there is a preference of this species for low salinities, with biomass decreasing 

when salinity reaches 6 (Larher et al. 1982, Shennan et al. 1987a, Lenssen et al. 1995, Ramani et 

al. 2006). 

 It could be expected that a lower shoot:root ratio would be associated with environmental 

stress (Kemp and Cunningham 1981), however, allocation of dry matter between root and above-

ground tissues was not different between the salinity treatments in the case of S. europaea. In A. 

tripolium plants, the higher shoot:root ratios of plants in a salinity of 1 may be interpreted as a 

further indication of the preference of this species for lower salinities. It is, however, possible 

that the effect of salinity is only partially translated into changes in structural dry matter, as often 

an increase in succulence is observed in halophytes with increasing environmental salinity, 

possibly indicating strategy to decrease ion toxicity by increasing water content. 
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 In the present study, the plant water content was investigated by using the DW:FW ratio 

of plants grown at the different salinities. S. europaea water content has previously been 

observed to vary with salinity with an increase from about 8 ml g
-1

 DW in plants at salinity 0 to 

about 10 ml g
-1

 DW at salinities 5 and 10, and decreasing at higher salinities (20 and 30) to about 

7 ml g
-1

 DW (Aghaleh et al. 2011). In the present study the higher water content in S. europaea 

at a salinity of 10 may indicate this species preference towards salinity 10 compared to salinity 

30, and confirm the preference of both those salinities in relation to salinity 1 (with lower water 

content). Contradictorily, A. tripolium plants studied by Shennan et al. (1987a) showed a higher 

succulence in plants grown at lower salinities (0 and 6 comparing to 18 and 35), while in the 

present study water content in plants from a salinity of 10 was higher than in plants from 

salinities of 1 and 30. While the increase in water content from plants in the salinity treatments 1 

to 10 may reflect a mechanism to cope with external salinity, the decrease in water content at 

higher salinity suggests salinity stress. Taking into consideration the differences in water content, 

when expressed as fresh weight, the effects of salinity in S. europaea biomass showed similar 

trends of that of dry weight. In A. tripolium, however, the above-ground biomass was higher in 

plants from a salinity of 10 than from salinities of 1 or 30, meaning that a higher yield of fresh 

crop may be obtained at a salinity of 10. 

 In relation to plant N content, both species had a lower N content (expressed per g dry 

weight) at a salinity of 30. Cleall-Harding (2008) reported a higher N content in plants grown at 

a salinity of 1 (about 3.3 mmol N g
-1

 DW) compared to plants treated at higher salinities ( about 

2.5 to 2.8 mmol N g
-1

 DW for salinities 10, 20 and 30), but no significant difference between 

salinities 10, 20 and 30. In that study, however, only succulent tissue was analysed which may 

explain the differences in relation to this study. Other studies using NO3
- 
only as the N source 

showed decreasing N content in S. europaea plants with increasing salinity from 0 to 10 and to 

20, from 6.0 to 4.2 and to 3.6 N % DW in case of lower irradiance and 5.9 to 3.2 and to 2.6 N % 

DW in case of higher irradiance treatment in one study, and in other study decreasing N content 

was observed both in plants shoots and roots with increasing salinities 0, 10 and 20 – with N % 

DW varying between 3.4 and 1.5 (Ushakova et al. 2005, Ushakova et al. 2006). Also conflicting 

results have been reported in case of A. tripolium, where total N content has been shown to 

decrease with increasing external salinity, Geissler et al. (2009b) reported a decrease in leaf % N 

DW from 5 to 4 , and in root % N DW from 3. 5 to 3, respectively for salinities 0 and 26. While 

Larher et al. (1982) observed a slight increase in total N plant content (from 3.63 to 3.92 N % 

DW) with higher external salinity (salinities of about 6 and 12). The direct comparison of these 
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several studies is however not possible due to the differences in the conditions that the several 

experiments were carried in, namely light intensity, temperature and the N form supplied.  

 The present study confirms the higher uptake rates of NH4
+ 

comparing to NO3
-
 at salinity 

10, as described in chapter 4 (µmol N g
-1

 root DW h
-1

). Furthermore, it is shown then while this 

this is the case at all salinities, the proportion NO3
-
 taken up, relative to NH4

+
, decreased with 

increasing salinity. Measured NH4-N
 
and NO3-N uptake rates in S. europaea were lower at 

salinity 1 than at higher salinities, even though N content was higher at salinity 30. A. tripolium 

on the other hand didn’t present any difference in N uptake rates between salinities, in contrast to 

Sági and Erdei (2005) who found an in increase in NH4-N
 
and NO3-N uptake rates with 

increasing salinity. Since plant biomass depends on salinity, the rate of N taken up by plant 

(µmol N plant
-1

 h
-1

) is also different, being lower at salinity 1 than at salinities 10 and 30, for 

both N forms in S. europaea. However, in A. tripolium NO3-N uptake rate did not vary with 

salinity, and the NH4-N
 
uptake was lower at salinity 10 compared to the other salinity treatments.  

 In respect to N uptake (NH4-N and NO3-N) at different irradiances, the positive linear 

relationship observed between increase in uptake and irradiance, with both species presenting 

similar changes in NH4-N uptake, 1 µmol N g
-1 

root DW h
-1

 for an increase in irradiance of 100 

µmol PAR m
-2

 s
-1

. For the same increase in irradiance, the increase NO3uptake rate was less than 

0.5 µmol N g
-1

 root DW h
-1

. These results confirm the dependence of N uptake and light 

intensity. 

 S. europaea N uptake was higher at the mid-range temperatures tested, being negatively 

affected at the lowest and (to a lesser extent) highest temperatures. Since enzymes involved in N 

uptake are known to be sensitive to temperatures this results are expected (Bassirirad 2000 and 

references therein, Dong et al. 2001, Calatayud et al. 2008). On the other hand NH4-N uptake 

rate by A. tripolium was not affected by the tested temperatures, while NO3-N uptake was higher 

at temperatures 20 °C and 30 °C, but surprisingly not at temperature 25 °C, comparing to the 

lowest and highest temperature. The reason for the low NO3-N uptake at 25 °C was not expected 

and can’t be explained in light of the information available. 

 Both irradiance and temperature are known to influence growth in a variety of plant 

species (Beinhart 1962, Chan and Mackenzie 1972, Kemp and Cunningham 1981, Pahlavanian 

and Silk 1988, Ball 2002, Al-Khateeb 2006, Ushio et al. 2008). Increasing irradiance has 

previously been shown to improve S. europaea biomass accumulation, Ushakova et al. (2005) 

reported an increase from 3.6 to 6.8 g DW plant
-1

 for plants grown at salinity 10 and irradiance 

100 and 150 W m
-2

 PAR respectively, while Ushakova et al. (2006) reported increase from 5.7 to 
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16.6 g DW plant
-1

 between plants grown at 600 and 1150 µmol PAR m
-2

 s
-1

 respectively (salinity 

10). The observed differences in N uptake rates in this study indicate that irradiance and 

temperature within the studied ranges may also lead to changes in S. europaea and A. tripolium 

growth. And therefore in order to comprehend the N assimilation in plants gowning at different 

irradiances and temperatures, differences in N uptake rates will need to be considered together 

with resulting changes in biomass. 

 

 

Conclusion 

Measured N uptake rates together with survival and final biomass, showed S. europaea optimal 

performance at salinities 10 and 30, while A. tripolium shows the capacity to uptake more NH4-N 

at salinity 1, and  to perform equally well in NO3-N removal at salinities 1 and 10. In relation to 

the suitability of these two plant species for use in an IMTA, both species could grow and 

remove N in the same system at a salinity of 10, however, effective plant performance at lower 

and higher salinities, respectively for S. europaea and A. tripolium will be decreased. Both 

irradiance and temperature were shown to affect N uptake in both species. However, only short 

term changes of both factors were analysed and to better understand plant responses longer 

studies, addressing growth, need to be performed. Also plant responses to the interaction of the 

several environmental factors need to be addressed in the future. 
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Introduction 

Most of the dissolved nitrogen (DN) in fed aquaculture (fish/shrimps) water is a result of 

leaching from uneaten food and animal faeces, as well as from animal metabolites and excretions 

(Handy and Poxton 1993, Burford and Williams 2001). To date only the inorganic fraction 

of DN has been considered to be available for plants uptake in IMTA systems, however, in the 

last decades it has been recognized that various plant species have the ability to take up organic 

N. Amino acid uptake has been measured in plants from many ecosystems, such as the Arctic 

tundra (Kielland 1994, Schimel and Chapin 1996, Nordin et al. 2004, Warren 2006, McFarland 

et al. 2010), boreal forests (Näsholm et al. 1998, Näsholm and Persson 2001, Persson and 

Näsholm 2001, McFarland et al. 2010) and temperate forests (Warren and Adams 2007, 

McFarland et al. 2010). Also a variety of agricultural plant species have been shown to have the 

capacity for amino acid-N uptake (Näsholm et al. 2000, 2001, Bardgett et al. 2003, Ge et al. 

2009, Hill et al. 2011b), and halophytic plants have also shown to take up amino acid-N (Henry 

and Jefferies 2002, 2003b, a, 2010, Mozdzer et al. 2011). While lower rates of individual amino 

acid-N uptake, compared to both NH4-N and NO3-N uptake, has been reported for some plants 

(Näsholm et al. 2000, Ge et al. 2009), other plant species exhibit no difference in uptake between 

the inorganic and organic N forms (Näsholm et al. 1998, Näsholm et al. 2000, Henry and 

Jefferies 2002, Bardgett et al. 2003, Henry and Jefferies 2003b), or even have a higher amino 

acid-N uptake than both NH4-N and NO3-N (Raab et al. 1996, Persson et al. 2006, Stoelken et al. 

2010). Amino acid-N uptake was also observed to be higher than NH4-N and lower than NO3-N 

uptake (Näsholm et al. 2000), most commonly amino acid-N uptake was observed to be higher 

than NO3-N and lower than NH4-N uptake (Falkengren-Grerup et al. 2000, Öhlund and Näsholm 

2001, Thornton 2001, Henry and Jefferies 2003a, Warren 2006, Warren and Adams 2007, 

Mozdzer et al. 2010). 

  Recent studies have also demonstrated the capacity of several plants to take up N in form 

of small peptides (Komarova et al. 2008, Paungfoo-Lonhienne et al. 2008, Hill et al. 2011a, Hill 

et al. 2011b). Hill et al. (2011a) observed that Deshampsia antartica in solution took up NH4-N 

faster than any other form of N tested, namely alanine, dialanine, trialanine, tetralanine and NO3
-
, 

and uptake of tetralanine-N was faster than that of alanine-N, dialanine-N and NO3-N. Whereas, 

sterile wheat took up N as L-alanine, L-trialanine and NH4
+
 at higher rates than as D-alanine-N, 

and NO3-N at the lowest rate of all (Hill et al. 2011b). 
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 Even if in many case rates of organic N uptake are comparable to those of inorganic 

forms it is often argued that in the natural environment microbes can outcompete plants for the 

organic N, on short time scales at least. If that is the case, plants can only access N derived from 

organic supply after microbes’ mineralization, instead of taking up the N as intact organic 

molecules (Owen and Jones 2001, Bardgett et al. 2003, Jones et al. 2005a, Harrison et al. 2007). 

However, intact uptake of amino acids by plants in the field and microcosms has been observed 

in many cases, (Näsholm et al. 1998, Näsholm et al. 2000, 2001, Bardgett et al. 2003, Henry and 

Jefferies 2003b, Ge et al. 2009, Sauheitl et al. 2009), and the intact uptake determined was up to 

91% of plant organic derived N taken up (Näsholm et al. 1998). On the other hand, when plants 

are grown hydroponically the competition with microbes for N is greatly reduced, and indeed 

intact uptake of organic N has been demonstrated for several plants when grown hydroponically 

(Henry and Jefferies 2003a, Warren 2006, Warren and Adams 2007, Warren 2009, Mozdzer et 

al. 2010). 

 In the context of brackish and marine aquaculture the use of higher plants in IMTA is 

limited to salt tolerant plants. Both Salicornia europaea and Aster tripolium are halophyte plants 

of interest due their many commercial applications, including human consumption, and are 

currently being studied in relation to their performance in such systems (Webb et al. 2012, this 

thesis) S. europaea and A. tripolium naturally occur in tidal saltmarshes, and are adapted to the 

dynamic physical and chemical environment characteristic of such habitats. Saltmarshes are 

often regarded as N transformation sites (Nixon 1980), due to the very high rates of conversion 

between the different forms of N in solution. 

 In the present study it is hypothesized that both S. europaea and A. tripolium plants have 

the capacity to take up organic N (as amino acid and peptides) from aquaculture wastewater, and 

that they do so at rates comparable to that of inorganic N uptake. It is further hypothesized that 

when growing hydroponically the amino acid and peptide uptake is mainly taken up as intact 

organic molecules, while when growing in soil the % of intact uptake will be lower due to higher 

competition with microbes. In order to test these hypothesizes S. europaea and A. tripolium 

uptake of L-alanine and L-trialanine was investigated using N and carbon (C) isotopes, and 

compared to inorganic N uptake (NH4-N and NO3-N) in the same conditions. Uptake of alanine 

and trialanine by soil microbes was also assessed. 
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Methods 

Measurement of dissolved nitrogen in saltmarsh porewater and aquaculture waste 

water 

Triplicate porewater samples were taken from a sediment depth of about 2 cm using Rhizon 

samplers (Rhizosphere Research, Wageningen, Netherlands; pore size <0.2 µm) from two 

saltmarshes in North Wales (Red Wharf Bay, 53°17'46.08"N, 4°12'29.85"W; Foryd, 

53°6'17.82"N, 4°19'22.05"W) in zones where S. europaea and A. tripolium occur. Filtered (<0.2 

µm) water samples were also collected in triplicate from two locations in the wastewater stream 

of an intensive seabass marine fish farm (Anglesey Aquaculture Ltd). Both soil solution and 

wastewater samples were analysed for total dissolved C (TDC) and N (TDN) using a TOC-V-TN 

analyser (Shimadzu Corp., Kyoto, Japan); Nitrate plus nitrite (hereafter NO3
-
) was measured 

using a 5–channel LACHAT Instruments Quick-Chem 8000 autoanalyzer after Grasshoff et al. 

(1983) and Hales et al. (2004). Ammonium (NH4
+
) was measured as described by Holmes et al. 

(1999). Amino acids and small (<1 kDa) peptide N was analysed following the method described 

by Jones et al. (2002); in summary, water samples were filtered through a 1 kDa ultrafiltration 

membrane (Millipore, Billerica, MA, USA) and analysed fluorometrically, before and after 

hydrolysis in 6 M HCl at 105°C for 16 h under N2. 

 

 

Plant culture 

Salicornia europaea and A. tripolium seeds were germinated in a climate-controlled greenhouse, 

in P576 plug trays with John Innes No.1 compost with continuous immersion in fresh water. 

When the germination rate was satisfactory, the water supply was changed to one with a  salinity 

of 10 using TROPICMARIN
TM

 artificial sea salt and Phostrogen fertiliser (N:P:K 14:10:27 + 

trace elements (Bayer CropScience Ltd, Cambridge, UK). After one week, trays were thinned 

out to 1 plant per plug. The nutrient solution was replaced once a week. 21 days after sowing, 

seedlings were individually removed from the compost and roots were cleaned of any substrate. 

Plants were then moved to either a hydroponic floating system, or individually planted in a 7 ml 

container with approximately 7 g of soil (FW) and left to grow in the greenhouse for further 14 

days (16 h photoperiod, air temperature 28 ±6.7°C). 
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 Salt marsh soil was collected from the upper 10 cm at Red Wharf Bay, at the same 

location as the porewater sampling and immediately transported to the laboratory where 

subsamples were analysed for water content by comparing fresh weight (FW) and dry weight 

(DW) before and after drying at 80°C for 48 h. 

 Plants in the hydroponic system were continuously supplied with 1 mM NH4NO3, 0.2 

mM Na2PO4, Hoagland’s micronutrient and Fe solutions (1 ml l
-1

). The plants growing in 

saltmarsh soil were watered daily, or as required to maintain the soil moist, and nutrient solution 

was added every 3 days. In both cases no N was supplied during the 48 h prior to the period 

when N uptake was determined. 

 All plants were moved to a growth chamber (25°C, 16h photoperiod, irradiance of ~400 

µmol m
-2

 s
-1

 PAR, 70%RH) 5 days before the uptake experiments were carried out.  

 

 

Plant nitrogen uptake 

Plants grown hydroponically were individually placed in 15 ml centrifuge tubes containing 14 ml 

of labelled solution (200 µmol l
-1

 alanine (C3H7NO2), trialanine (C9H17N3O4), ammonium 

chloride (NH4Cl) and sodium nitrate (NaNO3), in water of a salinity of 10 (Tropic Marine Sea 

Salt), with the following treatments: 

13
C3H7

15
NO2 + C9H17N3O4 + NaNO3 +NH4Cl 

C3H7NO2 + 
13

C9H17
15

N3O4+ NaNO3 +NH4Cl 

C3H7NO2 + C9H17N3O4 + Na
15

NO3 +NH4Cl 

C3H7NO2 + C9H17N3O4 + NaNO3 + 
15

NH4Cl 

 

The isotope-labelled, peptide and amino acid were enriched at 98% and 
13

C
15

N dual-labelled 

(CK Gas Products, Hook, UK), NH4Cl was 99% 
15

N and NaNO3 98+%
15

N (Cambridge Isotope 

Laboratories Inc., UK). 

 For plants grown in soil, 2 or 2.5 ml (respectively for S. europaea and A. tripolium) of 

individual N solution mixes were injected in the soil, according treatments listed above. 

 For each of the treatments, 3 plants of each species were incubated for 10, 30, 60, 120 or 

240 min. After incubation plants were washed in distilled water and 0.1 M CaCl2 solution, to 

remove any attached sediment and any isotope tracer adsorbed to the root surface. Plants shoots 

and root were separated, dried in the oven (80°C), weighed and ground (Precellys 24-Dual, 

Bertin Technologies). Subsequently, samples from the organic and inorganic labelled treatments 
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were analysed for 
13

C
15

N or 
15

N, respectively. Plants incubated for 60 min in the two inorganic N 

treatments were also analysed for 
13

C, in order to investigate possible re-fixation of 
13

C, taken up 

and respired by microbes or plants incubated in the same growth cabinet. Additionally, 3 plants 

of each species, and not incubated in any isotope-enriched solution, were analysed for 
13

C and 

15
N natural abundance. 

 Isotopic analysis of plant tissues was carried out in University of California stable isotope 

facility using a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 

isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). 

 Excess atom per cent (at%) of the heavy isotopes was calculated as the difference 

between each sample heavy isotope at% (
13

C or 
15

N) and the mean natural abundance at% of the 

respective isotope. Shoot and root dry mass, N and C content, and heavy isotope at% where used 

to calculate µmol excess of heavy isotopes. Uptake rates were calculated per unit root dry mass 

(g) per unit time (h). 

 The use of dual-labelled organic molecules (
13

C 
15

N alanine and trialanine), instead of 

15
N label only, was preferred in order to investigate differentially the uptake of 

15
N as intact 

uptake of organic N, and the uptake of 
15

N taken after external mineralization of the labelled 

organic N. According to Näsholm et al. (1998, 2009a) the 
13

C in plant tissues following 

incubation with labelled organic molecules is primarily a result of the organic molecules uptake 

by the roots, although it is also possible to result in some uptake or re-fixation of mineralized 
13

C 

(Rasmussen and Kuzyakov 2009). The existence of a linear relationship between excess 
13

C and 

15
N in plant tissue further indicates the two isotopes being taken up together in intact molecules. 

Additionaly, by comparing the regression slope with the expected ratio from the 
13

C and 
15

N in 

both alanine and trialanine labelled molecules, an estimate of the percentage of intact uptake can 

be obtained. Nevertheless, this method probably underestimates intact organic N uptake since 

13
C taken up and respired during the incubation period is not taken in account (Näsholm et al. 

1998, 2009a). 

 

In a parallel experiment (ambient temperature), plants were incubated, for one hour, in 200 µmol 

l
-1

 equimolar solutions of mixed N forms: 

14
C3H7NO2 + C9H17N3O4 + NaNO3 +NH4Cl 

14
C9H17N3O4 + C3H7NO2 + NaNO3 +NH4Cl 

(Label ca. 1.5 kBq 
14

C-labelled alanine or trialanine, American Radiolabeled Chemicals, St 

Louis, MA, USA). 2 ml of solution was added to plants grown in soil, while hydroponic plants 

received 6 ml of solution. Each plant, (3 per treatment) for each species, was placed in a 500 ml 
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clear plastic vessel sealed immediately after label addition. Air was pumped through the vessel 

(600 ml min
-1

) and the respired 
14

CO2 was trapped in Oxosol scintillation fluid (National 

Diagnostics Ltd, Hessle, UK). The trap was changed after 5, 10, 20, 40 and 60 min, and 
14

C 

activity measured by liquid scintillation counting (Wallac 1404 scintilation counter, Perkin-

Elmer, Boston, MA, USA). After 60 min incubation, the plants were washed, shoots and roots 

were separated, dried, weighed, and then combusted in an OX400 biological oxidizer (RJ 

Harvey, Hillsdale, NJ, USA). 
14

CO2 liberated from combustion was trapped in Oxosol scintillant, 

and measured by liquid scintillation counting (Wallac 1404 Scintilation counter, Wallac EG&G, 

Milton Keynes, UK). The oxidiser trap capture efficiency was measured as 100 ±0.4% 

 

 

Microbial uptake of alanine and trialanine 

The uptake of alanine and trialanine by soil microbes was assessed by measuring the 
14

C 

depletion in soil solution, in either of two treatments (equimolar 140 µmol l
-1

 solution mix): 

 

14
C3H7NO2 + C9H17N3O4 + NaNO3 +NH4Cl 

C3H7NO2 +
14

C9H17N3O4 + NaNO3 +NH4Cl 

 

Freshly-collected soil (Red Wharf Bay saltmarsh) was weighed in batches of 1 g, in triplicate for 

each treatment, to which 100 µl of 
14

C-spiked solution was added. After each incubation (1, 10, 

20, 30, 60, 120 and 240 min) soil solution was extracted using 5 ml of 0.5 M Na2SO4 solution, 

shaken for 5 min, and centrifuged for 5 min at 18000 g. The 
14

C activity was subsequently 

measured by scintillation counting as described above. 

 

 

Statistical analysis 

For both S. europaea and A. tripolium, the differences between plant C and N contents and 

biomass of plants grown hydroponically or in soil were assessed using the Kruskal-Wallis Test, 

since in all cases variance of data was not homogenous (Levene’s test). Correlation between the 

root and shoot dry mass was investigated using Pearson product-moment correlation. Following 

a significant correlation, linearity was investigated using linear regression analysis (intercept 0) 

and the obtained slopes compared using t-test. 



Chapter 6 

129 

 In the cases where values for “excess” of heavy isotope in plants tissues were negative it 

was assumed to be 0  i.e. no detectable excess, since these cases were the result of an uptake 

lower than the variability of the isotope natural abundance. 

 The correlation between excess 
15

N in plant tissues and incubation time was verified 

using Pearson product-moment correlation. Linear regression analysis (intercept 0) was then 

performed, and t-test (with Bonferroni correction) used to compare the obtained slopes. 

 Again, to investigate the correlation between 
13

C and 
15

N excess in plants the Pearson 

product-moment correlation was used. In cases where no significant correlation was found no 

other statistical analyses were performed. When a significant correlation was observed the data 

was analysed for linearity of the investigated relationship (linear regression analysis). For cases 

where linearity was verified, the slopes where compared using a t-test (with Bonferroni 

correction). Excess 
13

C in plants incubated with labelled inorganic N only was statistically 

compared to 0 using a one sample t-test. 

 Mean N uptake rates obtained from accumulation of excess 
15

N from NH4
+
, NO3

-
, alanine 

and trialanine were compared using ANOVA analysis, if Levene’s test confirmed homogeneity 

of variances, or the Kruskal-Wallis Test where variance was not homogenous, followed by LSD 

post hoc tests for significant differences between treatments. The significance level was 

considered as <0.05 for all the statistical analysis performed. 

 

 

Results 

Dissolved nitrogen in saltmarsh porewater and aquaculture 

Measured DN concentrations (µmol N l
-1

) in saltmarsh pore water and aquaculture wastewater 

are presented in Table 6.1. Peptide-N was 3.5 ± 0.8 times higher than amino acid-N in the 

saltmarsh pore water, and 2.9 ± 0.9 and 6.7 ± 4.1 times higher in wastewater, respectively for 

sites 1 and 2. Total N incorporated in small (<1 kDa) organic molecules represented 20.2 ± 5.4 

% (mean ±standard deviation) of the TDN in the saltmarsh pore water, and only 6.0 ± 1.4% and 

1.5 ± 0.5% in aquaculture wastewater, respectively for sampling sites 1 and 2. However, in 

wastewater site 1 the total dissolved organic N (DON) pool was close to half of the TDN, 48.4 ± 

15.2 % DON (DON concentration calculated as the difference between TDN and NH4
+
 plus 

NO3
-
). On the other hand in site 2 of aquaculture wastewater most of the measured N was in the 
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inorganic form (DON calculated as -0.4 ± 4.1% of TDN). In the saltmarsh pore water 78.6 ± 

15.2% of TDN was in the organic form. 

 

Table 6.1 - Dissolved nitrogen concentration (µmol N l
-1

) measured in pore water from 2 saltmarshes (Red Wharf 

Bay and Foryd) and waste water from two sites at an intensive marine aquaculture facility (Ww 1 and 2); mean ± 

standard deviation. 

 amino acids-N Peptides-N NH4
+ NO3

- TDN 

RWB 12.5 ± 4.1 34.0 ± 0.9 25.6 ± 2.2 9.2 ± 4.4 253.7 ± 26.8 

Foryd 6.0 21.6 41.4 6.5 109.2 

Ww 1 19.9 ± 1.9 56.6 ± 11.4 641.0 ± 32.0 10.2 ± 3.0 1276.6 ± 137.9 

Ww 2 4.6 ± 1.1 27.5 ± 11.5 67.5 ± 6.2 2051.7 ± 142.6 2109.9 ± 63.9 

 

 

Plant growth and CN content 

Plant biomass and C and N content at the end of the growth period are shown in Table 2. A. 

tripolium C and N content (mmol g
-1

 DW) were 2.1 and 1.1 times higher in plants grown 

hydroponically than in plants grown in soil (p<0.001). Similarly, S. europaea plants had a 1.2 

times higher N content when grown in the hydroponic system (p<0.001) than when grown in 

soil, but there was no significantly differences in the C content of the plants in the two systems. 

Plants from both species had 3.3 times higher final biomass when grown in the hydroponic 

system than when planted in soil (p<0.001). Shoot and root final biomass were correlated in both 

growth systems and for both plant species, (r>0.62, p<0.001). In all cases the relationship was 

linear (p<0.001) and while relationship between shoot and root in S. europaea growing 

hydroponically or in soil was not significantly different, A. tripolium plants had a higher shoot to 

root ratio when grown in soil than when in hydroponics (p<0.001). 

 

Table 6.2 – S. europaea and A. tripolium, carbon (mmol C g
-1

 DW) and nitrogen (mmol N g
-1

 DW) plant content, 

final biomass (g DW) and shoot : root (g DW), for plants grown hydroponically and in saltmarsh soil; average ± 

standard deviation. 

 N content C content Biomass Shoot:root 

S. europaea 
Hydroponic 1.91 ± 0.239 23.75 ± 1.081 0.141 ± 0.551 1.83 ± 0.058 

In soil 0.92 ± 0.088 23.20 ± 1.714 0.043 ± 0.113 1.99 ± 0.062 

A. tripolium 
Hydroponic 2.23 ± 0.399 29.90 ± 1.617 0.210 ± 0.089 1.68 ± 0.062 

In soil 1.86 ± 0.331 27.83 ± 1.731 0.063 ± 0.028 3.06 ± 0.138 
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Hydroponic plants 

Nitrogen uptake by hydroponic plants 

Excess 
15

N in hydroponic plant tissue (µmol 
15

N g
-1 

root DW), when supplied as alanine-
13

C
15

N 

and as trialanine-
13

C
15

N, is shown in Figure 6.1. Excess labelled N in the plants was positively 

correlated with incubation time in all cases (r>0.91, p<0.001). The observed relationships were 

linear (p<0.001, r
2
>0.92), and the obtained N uptake rates are presented in Table 6.3. The rate of 

trialanine-N uptake was 1.2 and 1.5 times faster (S. europaea and A. tripolium, respectively) than 

alanine-N uptake (p<0.014). Uptake rates for organic N were 1.5 and 1.9 higher (trialanine-N 

and alanine-N, respectively) in S. europaea than in A. tripolium (p<0.001). 

 As a result of the high uptake rates for inorganic N, significant depletion of the supplied 

N was observed. Hence, only samples where solution depletion of labelled molecules is 

calculated to be less than 25% (50 µmol l
-1

) are presented and analysed. As well, NO3-N uptake 

data was not used in any case when NH4
+
 depletion was higher than 25%, since it has been 

observed elsewhere (see Chapter 4) that NO3-N uptake in both plant species is adversely 

influenced by the presence of NH4
+
 in solution. 

 

a) b) 

  
Figure 6.1 – Excess 

15
N in plants with incubation time in a) S. europaea b) A. tripolium. Symbols and linear 

regression lines in red = alanine-
13

C
15

N, in black = trialanine-
13

C
15

N. 

 

 

Mean uptake rates NH4-N and NO3-N are also presented in Table 6.3. NH4-N uptake rates in S. 

europaea were more than 3.9 times higher than mean uptake rates of any other form of N studied 

(p<0.05), with no differences among uptake rates for NO3-N and either alanine-N or trialanine-N 

(p<0.05). In the case of A. tripolium, uptake of NO3-N was not significantly different from mean 

N uptake rates as NH4
+
, alanine or trialanine. Mean uptake rate of NH4-N was more than 10 

times higher than alanine-N and trialanine-N uptake rates (p<0.05). 
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Table 6.3 - Nitrogen uptake rates (µmol N g
-1 

root DW
 
h

-1
) as NH4

+
, NO3

-
, alanine-N and trialanine-N in S. 

europaea and A. tripolium; mean ± standard deviation. 

 NH4-N NO3-N Alanine-N Trialanine-N 

S. europaea 20.4 ± 6.1 4.2 ± 2.3 4.2 ± 0.14 5.2 ± 0.2 

A. tripolium 39.1 ± 23.3 6.0 ± 3.3 2.2 ± 0.16 3.3 ± 0.1 

 

 

Alanine-C and trialanine-C uptake, respiration and re-fixation 

Excess 
13

C in plant tissue (µmol
 
C g

-1
root DW), when supplied as alanine-

13
C

15
N and as 

trialanine-
13

C
15

N, is shown in Figure 6.2, and was positively correlated with time for every case 

studied (r>0.93, p<0.001). The observed relationships between excess 
13

C and time were linear 

(p<0.001, r
2
>0.90). 

 Excess 
13

C in the tissue of A. tripolium incubated for 1h without labelled C, i.e. 
13

C in 

plant tissues not taken up from the solution by the plant root, was not significant, while in S. 

europaea plants it was significant (p=0.02), mean value 0.69 ± 0.50 µmol 
13

C g
-1

root DW.  

 

a) b) 

  
Figure 6.2 - Excess 

13
C in plants with incubation time in a) S. europaea b) A. tripolium. Symbols and linear 

regression lines in red = alanine-
13

C
15

N, in black = trialanine-
13

C
15

N.  

 

 

The results for C respired are presented in Figure 6.3, showing the cumulative amount of 
14

C 

respired both by plants and any bacteria present in solution. However, microbial respiration in 

the solution is considered to be minimal and for the following analysis it will be assumed that 

14
C is a result of plant respiration only. For the incubation times investigated, the measured 

14
CO2 increase with time is best described by a second order polynomial. After one hour 

incubation, the respired 
14

C measured corresponds to 1.54 ± 0.31 and 34.58 ± 6.53 % of 
14

C in S. 
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europaea tissues, for alanine-
14

C and trialanine-
14

C respectively. In A. tripolium the percentages 

of respired 
14

C are 6.27 ± 1.26 and 58.34 ± 19.56 %, for alanine-
14

C and trialanine-
14

C 

respectively. 

 

 

Uptake of intact alanine-N and trialanine-N by hydroponic plants 

The relationships between 
13

C and 
15

N in plants tissue are illustrated in Figure 6.4, with plants 

grown hydroponically showing a clear linear relationship between excess 
13

C and 
15

N (r>0.89, 

p<0.001). The slopes of the linear regressions are presented in Table 6.4. For both species, there 

were no significant differences in the 
13

C:
15

N ratio between alanine and trialanine treatments, 

within and between the two species. 

 

 

a) b) 

  
Figure 6.3 - Cumulative 

14
C respired with time in a) S. europaea b) A. tripolium. Symbols and regression lines in 

red = alanine-
13

C
15

N, in black = trialanine-
13

C
15

N. 

 

a) b) 

 
 

Figure 6.4 - Relationship between excess 
13

C and 
15

N in. a) S. europaea and b) A. tripolium. Symbols and linear 

regression lines in red = alanine-
13

C
15

N, in black = trialanine-
13

C
15

N. Dashed linear regression line represents the 3:1 

C:N ratio. 
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Table 6.4 – Ratio of excess 
13

C:
15

N in S. europaea and A. tripolium plants, for alanine-
13

C
15

N and trialanine-
13

C
15

N 

treatments (average ±standard deviation). 

 13
C:

15
N 

S. europaea 
Alanine 2.16 ± 0.05 

Trialanine 2.21 ± 0.07 

A. tripolium 
Alanine 2.39 ± 0.23 

Trialanine 2.09 ± 0.12 

 

 

In order to obtain a more realistic estimate intact uptake of organic N, C respiration and re-

fixation were also considered. Respiration was calculated using the previously-determined 

relationship of 
14

CO2 respired with time, together with the percentage 
14

C respired in relation to 

14
C in plant tissue. Since respiration measurements were only obtained for incubation periods up 

to one hour, only data from incubation periods up to one hour is considered in this analysis. The 

relationships between 
13

C and 
15

N are not altered and so, tissue of plants grown hydroponically 

still show a strong linear relationships between excess 
13

C and 
15

N (p<0.001, r
2
>0.95), regression 

slopes are presented in Table 6.5. For both plants species, 
13

C:
15

N is higher for trialanine than 

alanine treatments (p<0.001), also organic trialanine-N uptake is higher in S. europaea than A. 

tripolium (p=0.004). There was no significant difference in the alanine treatment between the 

two plant species. 

 

Table 6.5 - Ratio of excess 
13

C:
15

N, corrected for 
13

C re-fixation and respiration, in S. europaea and A. tripolium, for 

alanine-
13

C
15

N and trialanine-
13

C
15

N treatments, (means ± standard deviation). 

 13
C:

15
N  

S. europaea 
Alanine 2.45 ± 0.08 

Trialanine 3.83 ± 0.15 

A. tripolium 
Alanine 2.03 ± 0.17 

Trialanine 3.20 ± 0.12 

 

 

Plants grown in soil 

Nitrogen uptake by plants in soil 

In case of plants in soil, the excess 
15

N in plant tissue (µmol 
15

N g
-1 

root DW), supplied as 

alanine-
13

C
15

N and as trialanine-
13

C
15

N (Figure 6.5), was positively correlated with incubation 
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time (r
2
>0.70, p<0.04). The observed relationships were linear (p<0.001, r

2
>0.71), and the 

obtained N uptake rates are presented in Table 6.6. Trialanine N uptake was higher than for 

alanine in both species (p<0.005). Uptake rates of organic N, both in the case of alanine-N and 

trialanine-N, were not significantly different between S. europaea and A. tripolium. 

 Salicornia europaea exhibited a lower mean alanine-N uptake rate (p<0.05) than for both 

NH4-N and NO3-N (Table 6.6), with NH4-N uptake double the alanine-N uptake. There was no 

significant difference between the two inorganic N treatments and trialanine-N uptake or 

between NH4-N and NO3-N. In case of A. tripolium, mean NH4-N and NO3-N uptake rates 

(Table 6.6) were not significantly different than either alanine-N or trialanine-N average uptake 

rates, or between them. 

 

 

a) b) 

  
Figure 6.5 - Excess 

15
N in plants with incubation time in a) S. europaea and b) A. tripolium in soil. Symbols and 

linear regression lines in red = alanine-
13

C
15

N, in black = trialanine-
13

C
15

N. 

 

 

Table 6.6 - Nitrogen uptake rates (µmol
 
N g

-1 
root DW h

-1
) as 

 
NH4

+
, NO3

-
, alanine-N and trialanine-N in S. 

europaea and A. tripolium grown in soil; mean ± standard deviation. 

 NH4-N NO3-N Alanine-N Trialanine-N 

S. europaea 0.65 ± 0.44 0.44 ± 0.11 0.31 ± 0.01 0.50 ± 0.02 

A. tripolium 0.90 ± 1.07 0.46 ± 0.53 0.26 ± 0.04 0.70 ± 0.12 

 

 

Alanine-C and trialanine-C uptake, respiration and re-fixation in plants grown in soil 

Excess 
13

C in plant tissue (µmol
 
C g

-1 
root DW), when supplied as alanine-

13
C

15
N and as 

trialanine-
13

C
15

N, is shown in Figure 6.2. Excess 
13

C in the plants was positively correlated with 

time for every case studied (r>0.66, p<0.007) except for S. europaea grown in soil and supplied 

with labelled alanine. However, the positive correlations do not translate in linear relationships. 
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Excess 
13

C in tissue of A. tripolium incubated for one hour without labelled C was not significant 

(p=0.243), while in S. europaea the excess 
13

C (0.29 ± 0.22 µmol
13

C g
-1 

root DW, was 

significant (p=0.023). 

 

 

a) b) 

 
 

Figure 6.6 - Excess 
13

C in plants with incubation time in a) S. europaea and b) A. tripolium in soil. Symbols in red 

= alanine-
13

C
15

N, in black = trialanine-
13

C
15

N. 

 

 

Uptake of intact alanine and trialanine by plants in soil 

The relationships between 
13

C and 
15

N in plant tissues are illustrated in Figure 6.7. Excess of 
13

C 

and trialanine-
15

N in plants grown in soil were positively correlated (r>0.61, p<0.017), however, 

the positive correlations do not translate in linear relationships. In the alanine-
13

C
15

N treatment 

there was no significant correlation between excess of the two heavy isotopes. 

 

 

a) b) 

 
 

Figure 6.7 - Relationship between excess 
13

C and 
15

N in a) S. europaea and b) A. tripolium plants. Symbols in red = 

alanine-
13

C
15

N, in black = trialanine-
13

C
15

N.  
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Plant vs microbial uptake of alanine-C and trialanine-C  

Uptake of alanine-
14

C and trialanine-
14

C by soil microbes was calculated from 
14

C solution 

depletion, and so it includes both C incorporated into microbial biomass and that respired. Both 

alanine-
14

C and trialanine-
14

C taken up by soil microbes increased with incubation time (r> 0.61, 

p<0.004), (Figure 6.8a). The amount of 
14

C taken up was close to 100% of all supplied 
14

C in the 

longer incubation periods (Figure 6.8b), and so only data from the 10 min incubation period are 

used to calculate the 
14

C uptake rate. Accordingly, C was taken up as alanine at a mean rate of 

0.06 ± 0.03 µmol 
14

C g soil
-1

 DW h
-1

, and as trialanine at 0.14 ± 0.02 µmol 
14

C g
-1

 soil DW h
-1

. 

 Since each plant was grown in 2.80 ±0.04 g DW soil, and assuming a scenario where 

microbes can take up same amount alanine and trialanine with and without competing with 

plants, microbes present in each plant pot would have the capacity to take up 0.17 and 0.40 µmol 

14
C h

-1
, as alanine-

14
C and trialanine respectively, representing 11.0 ± 2.2 % of added C. 

 

 

  

Figure 6.8 – a) Carbon taken up by soil microbes (µmol 
14

C g soil DW
-1

). b) Percentage of total supplied 
14

C taken 

up by soil microbes. Red symbols- alanine-
14

C, black – trialanine-
14

C treatments. 

 

 

Hydroponic plants vs plants in soil 

Nitrogen was taken up by plants in water solution at a higher rate than by plants in soil, in case 

of all inorganic and organic N treatments (p<0.05). For both plant species inorganic uptake in 

hydroponic plants was between 10 and 43 times higher than plants in soil, while the difference in 

relation to organic N uptake was between 5 and 14 times. 
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Discussion 

Porewater N analysis from a local saltmarsh, where S. europaea and A. tripolium occur naturally, 

revealed that most of dissolved N was organic, with low molecular weight organic N (<1 kDa) 

accounting for about 20 % of total dissolved N. DON has also been previously shown to be a 

significant fraction in other saltmarshes, and free amino acids a considerable fraction of the DON 

e.g. Henry and Jefferies (2002) reported amino acid concentrations in arctic saltmarsh soil 

ranging between 32 and 45 µmol l
-1

 during the plant growth season. 

 The aquaculture wastewater analysed, with samples taken from the same aquaculture 

system at two different sites, showed a large variation in N concentration and the proportion of 

the N forms analysed. Even though the site with the higher low molecular weight DON (amino 

acid plus peptide-N) concentration was only 6 % of total dissolved N, the determined DON 

fraction was close to 50 % of TDN (625 μmol N l
-1

 as DON). This value is higher than some 

previously reported DON fractions in wastewaters: Porrello et al. (2005) reported DON mean 

concentrations of 23.6 and 25.4 μmol N l
-1

, representing respectively 25 and 27 % of TDN 

measured in two sites. Webb et al. (2012) measured a mean DON concentration between 45.3 ± 

21.8 and 144.1 ± 6.2 μmol N l
-1

 in aquaculture wastewater before passing through a CW planted 

with S. europaea plants. This translated to about 23 % of TDN. Konnerup et al. (2011) reported 

DON concentrations between 418 and 639 μmol N l
-1

 in aquaculture wastewater before treatment 

with CW planted with Canna generalis, representing between 89 and 94% of TDN.  

 Aquaculture systems are prone to dissolved N transformations, both as result of natural 

occurring processes and due to the use of water treatment techniques (eg. sedimentation tanks, 

bacterial biofilter). Therefore even if the amino acid and peptide-N pool measured was a 

relatively low fraction of total dissolved N, because DON may account for up to 50 % of 

dissolved N it ought to be taken in consideration in the context of wastewater treatment. 

 In this study, S. europaea and A. tripolium were shown to take up organic N, both when 

supplied as an amino acid (alanine) and as a peptide (trialanine). When in solution, both S. 

europaea and A. tripolium, took up trialanine-N at a faster rate than alanine-N. These results are 

dissimilar to those described by Hill et al. (2011a, 2011b), where both for both sterile wheat and 

D. antartica plants N uptake from water solution was not different when supplied as equimolar 

alanine and trialanine. Besides alanine and trialanine-N uptake, Hill et al. (2011a) also 

investigated the uptake of organic N supplied as dialanine and tetralanine, and only tretralanine 

uptake by D. antartica plants was found to be significantly higher than alanine and dialanine-N 

uptake. 
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In both S. europaea and A. tripolium, alanine-N and trialanine-N uptake was not different to that 

of NO3-N, but it was lower than NH4-N uptake. In contrast, when investigating (L-) alanine-N 

and trialanine-N uptake in sterile Triticum aestivum Hill et al. (2011b) found that organic N 

uptake (about 17 µmol N g
-1

 DW root) was higher than NO3-N (about 2 µmol N g
-1

 DW root) in 

both cases, but not significantly different from NH4-N uptake (about 22 µmol N g
-1

 DW root). 

However, the present results are more similar to those of  D. antartica plants that also showed 

lower N uptake when supplied as aminoacid (alanine), or peptide (about 50 nmol N g
-1

 DW tiller 

min
-1

) compared to NH4
+
 (about 225 nmol N g

-1
 DW tiller min

-1
), and no difference compared to 

NO3-N uptake (about 40 nmol N g
-1

 DW tiller min
-1

) (Hill et al. 2011a). Although information 

about other halophytic plants organic N uptake is scarce, uptake of glycine-N from water has 

been investigated for Spartina alterniflora and Phragmites australis (common and invasive) 

plants from a temperate saltmarsh (Mozdzer et al. 2010, Mozdzer et al. 2011), and Pucinellia 

phryganodes grass from an Arctic coastal marsh (Henry and Jefferies 2002, 2003a). P. 

phryganodes grew equally well when the sole N supply was glycine or NH4
+
 (Henry and 

Jefferies 2002) even though NH4-N uptake was higher than glycine-N (14-15 µmol g
-1

 h
-1

) and 

NO3-N uptake was lower (Henry and Jefferies 2003a). Mozdzer et al. (2010) also observed a 

higher NH4-N uptake both by P. australis and S. alterniflora than urea-N, glycine-N and 

glutamic acid-N uptake rates, and concluded that glycine-N alone may contribute to 17 % for N 

plant demand, both for P. australis and S. alterniflora.  

 Intact uptake of amino acids is commonly inferred from the existence of a linear 

relationship in 
15

N and 
13

C in plant tissues after incubation with 
15

N 
13

C labelled amino acids, 

that implies that both isotopes are being taken up together as organic molecules (Näsholm et al. 

1998). By comparing the regression slope with 3, the expected ratio from the 
13

C and 
15

N in both 

alanine and trialanine labelled molecules, an estimate of the percentage of intact uptake can be 

obtained. In that way, the intact N uptake as alanine and trialanine, expressed as % of total N 

derived from organic molecules taken up was determined. Alanine-N intact uptake was 

determined as 72.0 ± 1.7 % and 79.7 ± 7.7 % for S. europaea and A. tripolium respectively, and 

trialanine-N, 73.7 ± 2.3 % and 69.7 ± 4.0 % for S. europaea and A. tripolium respectively. While 

trialanine-N was higher than alanine-N uptake both for S. europaea and A. tripolium, and S. 

europaea uptake of alanine-N and trialanine-N was higher than for A. tripolium plants, the intact 

uptake was not significantly different: Organic N uptake estimated in this mode is therefore 

about 30 % lower than reported. Using the ratio of excess 
13

C to 
15

N in tissue technique, between 

65 % and 82 % intact uptakes of glycine has been reported in other plants (Warren 2006, Warren 

and Adams 2007, Warren 2009). In case of halophytic plants, Mozdzer et al. (2010) reported 
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intact glycine uptake between 60 % and 74% for P. australis and S. alterniflora plants, between 

40 % and 60 % glutamic-acid-N intact uptake, while in their work urea 
13

C was not found in the 

plant tissues. 

 However, for these estimates of amino acid-N intact uptake it was assumed that all 
13

C 

excess in plant tissue was taken up incorporated in the organic molecules. It does not take in 

account the possibility of some of the measure 
13

C in tissue resulted from 
13

C re-fixation by the 

plants after being respired by other plants nearby or by microbes present in the plant solution 

system, or the possibility of inorganic uptake of 
13

C after mineralization (Näsholm et al. 2000, 

Rasmussen and Kuzyakov 2009). While re-fixation of 
13

C was quantified, by accessing 
13

C 

excess in nearby plants not incubated with 
13

C, it was not possible to account for inorganic 

uptake of 
13

C (H
13

CO3
-
) in this work. However, in every case gas chromatography-mass 

spectrometry analysis was used to validate the intact uptake of amino acid when a linear 

relationship between 
13

C and 
15

N was observed, dual labelled amino acids were identified in 

plant tissues (Öhlund and Näsholm 2001, Persson and Näsholm 2001, Nordin et al. 2004, 

Näsholm et al. 2009a). 

 On the other hand it can be considered a conservative estimate since 
13

C taken uptake by 

the plants root from the solution can be quickly metabolised and lost via respiration (Näsholm et 

al. 1998, 2009b). In this study trialanine-
14

C was respired at a higher rate than alanine-
14

C, which 

is similar to results of Hill et al. (2011b), where 25 % more 
14

C from added trialanine was 

respired by wheat compared to alanine. The fact that trialanine derived C was respired at a 

different rate of that of alanine indicates that the peptide was not cleaved prior to uptake (Hill et 

al. 2011a). After correcting for C respired and re-fixed after 1h incubation, the determined % of 

alanine-N intact uptake was 81.7 ± 2.7 % and 67.7 ± 5.7 % respectively for S. europaea and A. 

tripolium. While, trialanine-N intact uptake is estimated as 128 ± 5 % and 107 ± 4 % 

respectively for S. europaea and A. tripolium. Even though these estimations may somehow 

overestimate intact uptake because it is possible it includes microbes’ respiration, it is evidence 

that most of the organic N is taken up intact. 

 In this study, N uptake for plants in soil was significantly lower than the similar N form 

uptake when plants were in solution. The biggest difference was observed in relation to NH4-N 

uptake rates, 31 and 43 times lower for plants in soil comparatively to plants in solution, for S. 

europaea and A. tripolium respectively, while NO3-N, alanine-N and trialanine-N uptake rates 

were 5 to 14 times lower for plants in soil. These results differ from Mozdzer et al. (2010), who 

observed proportionally similar NH4-N and DON plant uptake when in water solution and in the 

field. But Hill et al. (2011a) also observed a proportionally much lower NH4
+
 in the field than in 
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hydroponic solution, compared to the other N forms, suggesting higher microbial competition for 

NH4
+
 in the soil. Also, Hodge et al. (2000a) observed higher microbial competition for NH4

+
 

than NO3
-
, with microbial NH4-N uptake being 5 times higher than for plants, and NO3-N uptake 

2 times higher in microbes than in plants. It is regularly argued that, in the short term, plants in 

soil are also outcompeted by microbes for organic N (Jones 1999, Jones and Hodge 1999, Hodge 

et al. 2000a, Hodge et al. 2000b, c, Lipson and Nasholm 2001, Owen and Jones 2001, Bardgett 

et al. 2003, Jones et al. 2005a, Jones et al. 2005b, Harrison et al. 2007, 2008). Because organic 

molecules are good C and N sources, microbes may outcompete plants for this substrate and only 

inorganic N in excess of microbial requirements would be available to plants. Although 

inorganic N uptake by soil microbes was not assessed in this work, the estimated microbial 

uptake observed for organic molecules could only account for small fraction of the added N, not 

explaining the very low plant uptake rates observed alone. Another possible reason for the lower, 

and unproportional observed N plant uptake, may be the fact the uptake is being limited by the 

rate N is delivered to roots, not due to microbe competition alone, but mainly due to N mass flow 

and diffusion of the several N forms in the pore water (Näsholm and Persson 2001, Owen and 

Jones 2001). 

 A linear relationship between excess 
13

C and 
15

N was not observed in this work, unlike in 

other studies with plants and soil (Näsholm et al. 1998, Näsholm et al. 2000, 2001, Bardgett et al. 

2003, Henry and Jefferies 2003b, Ge et al. 2009, Sauheitl et al. 2009). Other halophytic plants 

have also exhibited linear relationships between 
13

C and 
15

N when incubated with dual labelled 

amino acids, even though the determined N intact uptake was only 5-11 % (Henry and Jefferies 

2003b). Despite no linear relationships being measured between heavy isotopes in plant tissues, 

the 
13

C in the plants increased with time suggesting some direct uptake. The high C plant content 

compared to N content, and relatively high 
13

C natural abundance in plant tissue (1.08 and 0.37 

at%, respectively for 
13

C and 
15

N), results in a much higher dilution of taken up 
13

C in plant 

tissues compared to 
15

N, and it is consequently more difficult to distinguish low uptake of 
13

C 

from natural variation and analytical error (Näsholm and Persson 2001, Nordin et al. 2001). 

Additionaly, several other authors have considered that C heavy isotope increase in plant tissues 

by itself indicates intact amino acids uptake (Streeter et al. 2000, Näsholm and Persson 2001, 

Reeve et al. 2009). 
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Conclusions 

Amino acids and peptides can be a important fraction of N in aquaculture wastewater, and S. 

europaea and A. tripolium species show capacity to take up amino acid and peptide-N at a rate 

comparable to that of NO3-N uptake, although in some cases at a lower rate than NH4-N uptake. 

This work strongly suggests that for S. europaea and A. tripolium in IMTA systems, direct 

uptake of organic N has a potentially important role in dissolved N removal from wastewater and 

in plant nutrition, particularly when plants are cultivated hydroponically. In the case of planted 

constructed wetlands for water treatment, the role of the microbial community competing for 

dissolved N, and the movement of each N form to the root, possibly determining the rate at 

which the plant can assess N, needs further investigation. Additionally these results clearly show 

that it is important to better describe the N composition of aquaculture wastewater, principally 

the DON portion and its low molecular fraction. As well as testing plant uptake of other amino 

acids and peptides, as as it has been shown that plants take up different amino acids at different 

rates, and also varying if supplied alone or in solution with other amino acids (Kielland 1994, 

Streeter et al. 2000, Persson and Näsholm 2001, Weigelt et al. 2005, Harrison et al. 2007). 
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Summary 

Plant annual biomass production and N removal 

Chapter 2 work was set to test the main hypotheses: that plant growth rate and N content 

increases with increasing N concentration up to N sufficiency value, and that S. europaea N 

sufficiency value is below 2 mmol NO3
-
 l

-1
 continuous supply, the obtained results confirm the 

two hypotheses. These results also support previous studies in S. europaea that observed growth 

limitation due to poor N supply (Piggot 1969, Stewart et al. 1973, Jefferies 1977, Loveland and 

Ungar 1983, Webb 2012), since N supply above 300 µmol NO3
-
 l

-1
, resulted in higher growth 

compared to the lower NO3
-
 concentration of 5 µmol  l

-1
, with mortality also reduced at higher N 

supply. Conversely, the lack of differences in S. europaea plant biomass at N supply above 300 

µmol l
-1

 indicates a sufficiency value below this concentration. No previous data is available in 

relation to continuous supply of a constant N concentration to S. europaea. However, the work 

of  Kudo and Fujiyama (2010) points towards a higher sufficiency value  for S. bigelovii since 

the continuous supply of N at increasing concentrations (1, 2, 3 and 4 mmol l
-1

) resulted in 

increased shoot biomass. 

 Additionally the estimated N removal by plants with N supply above 300 µmol NO3
- 
l
-1 

is 

constant, 6.53 mol N m
-2

, which is comparatively high to that observed previously, between 1.09 

and 2.39 mol N m
-2

 (Webb 2012, Webb et al. in prep.). No luxury N uptake was observed, which 

agrees with other studies in S. europaea (Quintã 2007, Webb 2012). These results indicate that 

the plants’ capacity to remove N from irrigation water is directly related with biomass.  

Therefore as plants increase in size (later in the season), the higher will be their capacity to 

remove N. However, it is important to acknowledge than under the applied cropping regime, 

only 40% of the N accumulated in plants was removed in the harvested tips, while 54% remained 

in plant shoots and 6% in the roots, which are similar to proportions that have been observed 

before (Quintã 2007). 

 Understanding of plant growth and N removal in relation to N available for uptake is of 

great importance in designing a balanced IMTA, where optimization of biomass production and 

N removal efficiency is desired.  If N available to the plants is less than the sufficiency value, 

growth will be reduced while on the other hand, if N available to plants exceeds the sufficiency 

value, removal efficiency will decrease. It was not possible to conduct the same experiment for 
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A. tripolium plants, within the scope of the present research and for that species N supply needed 

for optimum growth remains unknown.  

 

The experiment presented in chapter 3, where plants where cultivated over one growth season at 

non-limiting N supply, at ambient light and temperature, showed a high accumulation of plant 

biomass. The tested hypothesis that that S. europaea and A. tripolium plants, under non-limiting 

nutrient supply, decrease biomass production with introduction of routine cropping, was 

confirmed and S. europaea plants produced more above-ground biomass than A. tripolium (S. 

europaea 4.5 kg DW m
-2

 and 1.1 kg DW m
-2

, A. tripolium 2.7 kg DW m
-2

 and 0.8 kg DW m
-2

, 

respectively for uncropped and cropped plants). Uncropped S. europaea above-ground biomass 

was similar to that observed by Webb et al. (in prep.) (4.6 Kg DW m
-2

), and higher than biomass 

obtained in Salicornia fields (< 2.5 Kg DW m
-2

) irrigated with seawater (Oleary et al. 1985, 

Glenn et al. 1997, 1999) that have been described as comparable to the yields of several non 

halophyte crops. Cropped S. europaea above-ground biomass, 1.1 kg DW m
-2

, was somewhat 

higher than the reported by Webb et al. (in prep.) following a similar harvest regime (0.7 kg DW 

m
-2

). The apparent better performance of S. europaea in the present study, in hydroponic culture, 

comparing to CWs (Webb 2012, Webb et al. in prep.), may not be solely to do with the culture 

system, but also a result of different N supply, however it is observed that both plants species can 

be successfully cultivated in hydroponically. 

 It was hypothesised that N uptake rates would not be affected by cropping regime, 

however measured plant N uptake rates (µmol N plant
-1 

h
-1

) in chapter 3 were lower in cropped 

S. europaea plants than uncropped, but not different in case of A. tripolium (NH4-N and NO3-N). 

S. europaea N uptake was always higher than that of A. tripolium plants, and estimated daily N 

uptake rates are 200-818 mmol N m
-2 

d
-1 

and 62-117 mmol N m
-2 

d
-1 

respectively for S. europaea 

and A. tripolium. Even if cropping reduces plant N uptake, the observed rates for both cropped 

and uncropped plants are higher than those observed in planted CWs treating aquaculture 

wastewater (Lin et al. 2002, Lin et al. 2005, Konnerup et al. 2011, Webb 2012, Webb et al. in 

prep.), including CWs planted with S. europaea, and cropped every 3 weeks, that removed 62 

mmol N m
-2 

d
-1

 and 106 mmol N m
-2 

d
-1

  in two different studies. 

 Since the introduction of repeated cropping reduces plant biomass and consequently N 

removal (S. europaea), IMTA design will need to include decisions in relation to the harvesting 

regime used. This will depend on whether the main goal of each system is high N removal and 

high plant biomass harvested at the end of the growth period or supply of fresh plant product 
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(tips) every 3 weeks for the food market, at the cost of a lower N removal and accumulated 

biomass. 

 

 

Growth and DIN uptake - N form 

Chapter 4 compares S. europaea and A. tripolium growth when supplied with non limiting NH4
+
, 

NO3
-
, or NH4NO3 in order to test the hypothesis that the growth in plants from both species is 

lower when N is supplied as NH4
+
 comparing to NO3

-
 or NH4NO3. S. europaea grown in NH4

+
 

presented reduced shoot biomass comparing to plants growing in NO3
-
 or NH4NO3. Ventura et 

al., (2010) also observed lower growth when only NH4
+
 was supplied compared to NO3

-
. 

However, different trends have been observed in other studies of Salicornia growth; Jefferies 

(1977) observed no differences in plant growth in NH4
+
 and NO3

-
, and Kudo and Fujiyama 

(2010) observed better growth with NH4
+ 

compared to NO3
-
. As observed in many other plant 

species the presence of NO3
-
 in solution alleviates the growth depressing effect of NH4

+
 in S. 

europaea (Martins-Loucao et al. 1993, Stitt 1999, Britto and Kronzucker 2002, Houdusse et al. 

2005, Houdusse et al. 2008). On the other hand A. tripolium shoot biomass, in the present study, 

was not affected by the N form supplied, in contrast to the  studies by Sági and Erdei (2005) and 

Jefferies (1977) where signs of NH4
+
 toxicity were observed. 

 

N content (mmol N g
-1

 root DW) was lower in S. europaea grown with NH4
+ 

alone, compared to 

plants supplied with NO3
-
, or NH4NO3. In A. tripolium, plant N content was lower in the NH4

+
 

treatment, intermediate in NO3
-
 and higher in NH4NO3. Taking in consideration N content and 

biomass it is predicted that NH4-N uptake will be lower than NO3-N in S. europaea. In the case 

of A. tripolium, results suggest that NH4-N uptake rate was lower than NO3-N when supplied 

separately, and that uptake of NH4-N, NO3-N or both was enhanced when both are supplied 

together.  

 

 

DIN uptake - N concentration and form 

NH4-N
 
and NO3-N

 
uptake kinetics was assessed when supplied separately or in an equimolar 

mix, at a range of concentrations (up to 2 mmol 
15

N l
-1

), in both in S. europaea and A. tripolium 

with continuous supply of N to plants previously N-starved for 48h (chapter 4) in order to 
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address several hypotheses, namely: S. europaea and A. tripolium N uptake rates at different 

supply concentrations follow the Michaelis-Menten model; plant NH4-N uptake rates are higher 

than NO3-N uptake at similar N concentrations; plant NO3-N uptake is inhibited by the presence 

of NH4
+
 in solution, while NH4-N uptake is not inhibited by NO3

–
; plants receiving continuous 

supply of N express higher N uptake rates than plants N starved for 48h. In fact, uptake rates 

fitted the Michaelis Menten model, with the exception of NO3-N uptake by A. tripolium when 

NH4
+ 

was also present in solution. And NH4-N uptake was always higher than NO3-N uptake, 

with the exception of in non-starved S. europaea supplied with NH4
+
 and NO3

-
 separately, where 

there was no significant differences between NH4-N
 
and NO3-N

 
maximum uptakes. In non-

starved plants NO3-N
 
uptake was lower when equimolar NH4

+ 
was present in solution. 

 S. europaea NH4-N uptake was not different between starved and non starved plants, 

however A. tripolium exhibited higher NH4-N uptake in starved plants. NO3-N uptake was higher 

in non-starved compared to N-starved plants, for both species. Both N starved and non starved 

plants are routinely used to investigate N uptake, however it was demonstrated here that the 

maximum N uptake may be differ significantly between starved and non starved plants, and 

therefore direct comparison of results between the different situations has to be avoided. 

 

As mentioned above, considering plant N content and the biomass accumulated in plants grown 

in NH4
+
, NO3

-
 or NH4NO3, NH4-N uptake rates were expected to be lower than for those grown 

in NO3
-
. However that was not observed, and one possible explanation of  the high measured 

NH4-N uptake rates is futile cycle of NH4-N (Britto and Kronzucker 2002), i.e. plants cannot 

store NH4
+
 taken up in excess, and so a proportion of NH4-N is not assimilated by the plant and 

is returned to the solution (efflux). More research is still needed to corroborate this hypothesis, 

however it is important to be cautious when extrapolating plant N uptake from wastewater based 

on short term 
15

N uptake rates, since delayed efflux may be significant. 

 

 

Growth and DIN uptake - Salinity 

As initially hypothesized, growth results from Chapter 5 experiment demonstrated that S. 

europaea are more salt tolerant than A. tripolium. The analysis of the observed mortality rates, 

plant biomass and water content at salinities 1, 10 and 30 indicates a poor response of S. 

europaea to the lower salinity, while A. tripolium responded better to lower salinities, compared 

to salinity 30. Plus, in a fresh weight basis, A. tripolium above-ground biomass was higher in 
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plants at salinity 10. Similar tendencies have been observed in other studies of S. europaea 

(Keiffer et al. 1994, Moghaieb et al. 2004, Cleall-Harding 2008, Balnokin et al. 2010, Aghaleh et 

al. 2011) and A. tripolium (Larher et al. 1982, Shennan et al. 1987a, Lenssen et al. 1995, Ramani 

et al. 2006) responses to increasing salinity. 

 Salicornia europaea N uptake rates (µmol N plant
-1

 h
-1

) were lower at salinity 1 

compared to salinities 10 and 30, while A. tripolium N uptake rates were not different between 

salinities. In A. tripolium, NO3-N uptake rate did not vary with salinity, and the NH4-N uptake 

was lower at salinity 10 compared to the other salinity treatments. 

 

 

DIN uptake - Diurnal cycles, irradiance and temperature 

N uptake rates have been shown to follow daily cycles in several plants (Clement et al. 1978, 

Raman et al. 1995, Macduff et al. 1997, Peuke and Jeschke 1998, Tischner 2000), and even 

though in the present study (Chapter 4) the observed differences were not significant, a 

consistent increase in N uptake from the first hours of light was observed for both plant species 

and N forms (NH4-N and NO3-N), suggesting that the initial hypothesis of varying N uptake 

during the day is correct . However, since the irradiance also increases in the first hours of light 

is difficult to separate whether the observed trends are a result of the time elapsed since first light 

or also dependent on irradiance. 

 In Chapter 5, several irradiances were used (different shading levels) to test N uptake 

(NH4-N and NO3-N) and the hypothesis that increasing irradiance increases N uptake, and both 

S. europaea and A. tripolium N uptake rates increased with increasing irradiance. Both species 

presented similar linear relationships, with approximately a rise of 1 µmol NH4-N g
-1 

root DW h
-

1
 for 100 µmol PAR m

-2
 s

-1
 increase in irradiance. For the same increase in irradiance, the 

increase NO3-N uptake rate was less than 0.5 µmol N g
-1

 root DW h
-1

. 

 In relation to temperature the hypothesis that increasing temperature increases N uptake 

was tested (Chapter 5), however it was observed not to always be the case and as expected from 

the temperature susceptibility usually presented by the enzymes involved in N uptake (Bassirirad 

2000  and references therein, Dong et al. 2001, Calatayud et al. 2008), the N uptake was higher 

at the mid-range of temperatures tested. The exception was NH4-N uptake in A. tripolium, which 

was not significantly affected by the tested temperatures, indicating a wider optimal temperature 

range for NH4-N uptake. 
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DON uptake  

Concentration of DON (Chapter 6) in aquaculture wastewater was very different between the 

two sample points, what is not surprising since aquaculture systems are prone to dissolved N 

transformations (eg. bacterial biofilter, or naturally occurring bacteria in tanks and pipes). Thus 

even if the amino acid and peptide-N pool measured was a relatively low fraction of total 

dissolved N (up to 6%), because DON may account for up to 50 % of dissolved N it must be 

taken in consideration in the context of wastewater treatment.  

 In the present study it was hypothesized that both S. europaea and A. tripolium plants 

have the capacity to take up organic N (as amino acid and peptides) from aquaculture 

wastewater, and that they do so at rates comparable to that of inorganic N uptake. And in fact S. 

europaea and A. tripolium were shown to uptake of organic N, both when supplied as an amino 

acid (alanine) and as a peptide (trialanine). When in solution S. europaea and A. tripolium, took 

up trialanine-N at a faster rate than alanine-N. Alanine-N and trialanine-N uptake was not 

different to that of NO3-N, but it was lower than NH4-N uptake. This is the first work reporting 

peptide-N uptake by halophyte species, however amino acid-N uptake as already been observed 

in other halophytes. Spartina alterniflora, Phragmites australis and Pucinellia phryganodes  

glycine-N uptake was also found to be  lower than NH4-N uptake and higher than NO3-N uptake 

(Henry and Jefferies 2002, 2003a, Mozdzer et al. 2010, Mozdzer et al. 2011). 

 After correcting for C respired and re-fixed after 1h incubation, the determined % of 

alanine-N intact uptake (
13

C:
15

N) was 81.7 ± 2.7 % and 67.7 ± 5.7 % respectively for S. 

europaea and A. tripolium. And trialanine-N intact uptake was estimated at 128 ± 5 % and 107 ± 

4 % respectively for S. europaea and A. tripolium. It is possible that these estimates overestimate 

intact uptake, since some of the respired C assumed to result from plants respiration may in fact 

result from microbial respiration (the solution was clean but not sterilized). Nonetheless it is 

clear that both alanine and trialanine molecules are taken up intact by both plant species. 

Mozdzer et al. (2010) reported intact glycine uptake between 60 % and 74% for P. australis and 

S. alterniflora plants, between 40 % and 60 % glutamic-acid-N intact uptake. 

 Before the study was carried out it had been hypothesized that when growing 

hydroponically the amino acid and peptide uptake is mainly taken up as intact organic molecules, 

while when growing in soil the % of intact uptake would be lower due to higher competition 

with microbe, although this was true for the plants growing hydroponically, a direct link between 

lower organic intact uptake in plants grown in soil and microbes competition could not be 

established in the present study. N uptake by plants in soil was lower than that of plants in 
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solution in case of all forms, suggesting competition with microbes for N sources, however 

estimates of microbial N uptake do not justify all the decrease in N uptake and therefore it is 

suggested that the low N uptake by plants in soil is mainly due to N mass flow and diffusion of 

the several N forms in the pore water (Näsholm and Persson 2001, Owen and Jones 2001). No 

linear relationships between excess 
13

C and 
15

N were observed, however the 
13

C in the plants 

increased with time suggesting some direct uptake (Streeter et al. 2000, Näsholm and Persson 

2001, Reeve et al. 2009). Since plant tissues have a high C content compared to N content, and 

relatively high 
13

C natural abundance in plant tissue, the lack of an obvious linear pattern may be 

a result of the elevated dilution of taken up 
13

C and associated difficulty to distinguish low 

uptake of 
13

C from natural variation and analytical error (Näsholm and Persson 2001, Nordin et 

al. 2001). 

 

 

Conclusions 

Both S. europaea (annual) and A. tripolium (short lived perennial) show growth and N uptake 

characteristics that indicate they can be cultivated in aquaculture wastewater. Both species have 

a range of commercial applications which generate interest in their production. Of these possibly 

the more lucrative use is as vegetable for human consumption, however only succulent fresh 

portions of the plant serve this purpose and in order to obtain these the plants need to be 

repeatedly cropped during the growing season. It was demonstrated here that introduction of 

cropping decreases accumulation the biomass and N assimilation into plant tissues. Therefore a 

compromise will need to be made between tip production and overall biomass accumulation and 

N removal. 

 Both S. europaea and A. tripolium take up a variety of N forms, including NH4
+
, NO3, 

alanine and trialanine. Amino acid and peptide-N were taken up at a rate comparable to that of 

NO3uptake, although in some cases at a lower rate than NH4-N uptake. Although high rates of 

NH4-N uptake were observed, conflicting results from N content and biomass observations 

suggested the possibility of futile cycle of NH4-N. Further work is required to confirm this and 

some caution is required when extrapolating plant N uptake from wastewater based in short term 

15
N uptake rates. 

 Aster tripolium growth is not affected by N form supplied. However S. europaea growth 

is negatively influenced by NH4
+
 when supplied alone, comparing to NO3

-
 or NH4NO3 supply. 
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Therefore the inclusion of a nitrification bacterial biofilter before the plant-unit would reduce the 

negative effects of NH4
+
 on S. europaea and consequently provide a better growth and N 

removal. 

 Salicornia europaea optimal performance was observed at salinities 10 and 30, while A. 

tripolium shows the capacity to uptake more NH4-N at salinity 1, and to perform equally well in 

NO3-N removal at salinities 1 and 10. While both species can be included in a system with 

wastewater salinity close to 10, for higher salinities S. europaea should be selected, with A. 

tripolium being better suited to lower salinities. 

 Nitrogen concentrations and composition in aquaculture wastewater are highly variable 

and specific for each system, however it is important to estimate N concentrations in wastewater 

in order to design a system with adequate number of plants. Further work is required in relation 

to S. europaea and A. tripolium growth responses to different N concentrations, however with 

the information available so far it can be determined that these plants have the potential to grow 

well at a wide range of N supply, while accumulating N in harvestable biomass. 

 It is also of interest to investigate other factors that may influence plants vegetative 

growth or reproduction induction, such as irradiance, temperature, supply of other macro and 

micronutrients and the interaction of those factors. As demonstrated by Ventura et al. (2011b) in 

S. persica plants, the growing season may be extended by providing artificial light. 

 The results obtained in this study (and available in literature), together with reasonably 

detailed information on the shrimp/fish production systems (waste N amount and composition, 

volume of wastewater, time until harvest, salinity, tanks water temperature) and knowledge of 

typical environmental aspects at the production location (photoperiod, temperature and 

irradiance changes during the year), ought to allow design and scale up of IMTA systems with S. 

europaea and A. tripolium. Based in all the information gathered plant performance can be 

predicted, and the system optimized according to the specific aims of the growers (higher plants 

biomass production vs repeated supply of fresh tips). Also an economic evaluation of the several 

aspects of such IMTA system need to be considered, namely in relation to the use of a 

hydroponic system rather than CWs, and the different possible markets for S. europaea and A. 

tripolium products. 
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