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4. Summary 
 

Duckweed is since long known for its high growth potential and wastewater purification abilities. Therefore, it 

could also serve to recover nutrients from biological effluent and produce simultaneously a protein-rich feed 

resource, hence reducing EU’s protein deficit. This way the nutrient cycle in Flemish intensive animal 

production sectors, notably the pig sector, could be closed. In this master dissertation, it is assessed whether and 

to which extent Lemna minor can grow on salt-rich effluent from biological treatment installations. 

 

For this purpose, common duckweed was grown on synthetic nutrient solutions, containing adequate N and P 

supply, but at varying salt concentrations. Its performance was assessed through several relevant parameters 

like biomass gain, protein yield and nutrient (N, P, S) recoveries. Various experiments were executed, with the 

last one most closely resembling the salt (Na+, K+, Cl-, SO4
2-) composition of biological effluent. Sodium 

concentrations, as principal toxic salt ion to glycophytes, were kept constant in equivalent treatments in the 

different experiments. 

 

Both in the case of solely NaCl addition and mixed salts, satisfying duckweed performance was achieved up to 

31.96 ≈ 32 mM Na+. Nevertheless, protein production was lower at these concentrations compared to the control 

growth medium, resp. ± 30-40% (NaCl) and 15-25% lower (5:1:4:1 Na:K:Cl:SO4). Besides, significant 

oxidative damage occurred, reflected in lower chlorophyll contents in the fronds. If protein yield and phosphorus 

recovery are of capital importance, salt limits would be shifted towards the 18.04 mM Na+ treatment in the 

mixed salt treatments. The synthetic biological effluent medium with mixed salts showed generally higher 

growth and recovery values up to 32 mM Na+, especially for the 1st week. Thus, the mixed salts weren’t found 

to have a specific negative effect on the duckweed. 

 

Our Lemna minor thus performed well up to total salt ion concentrations -including those present in the N 

medium- of 32.1 mM Na+, 15.4 mM K+, 26.0 mM Cl- and 7.4 mM SO4
2- at a constant N and P supply of 10 mM 

NO3
--N and 1 mM PO4

3--P. Nitrogen and phosphorus availability can differ in reality, but nevertheless these fall 

roughly within the ranges of undiluted biological effluent in Flanders. Only the K contents are in reality much 

higher than those tested, possibly causing growth-inhibiting effects. Upscaling to a full-size pond system with 

biological effluent thus seems to be feasible if only the nutrient composition is considered. However, special 

attention should go out to toxic potassium levels in further research, as well as other possible detrimental effects 

like heavy metal accumulation and duckweed quality for feeding purposes. 
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Samenvatting 
 

Eendenkroos is sinds lang gekend voor zijn grote groeikracht en zijn potentieel tot zuiveren van afvalwaters. 

Om die redenen kan het ook dienen om nutriënten uit biologisch effluent te recupereren en tegelijkertijd een 

eiwitrijk voedermateriaal te produceren, aldus bijdragend aan de reductie van het eiwittekort van de EU. Op die 

manier kan de nutriëntencyclus in de Vlaamse, intensieve dierlijke productiesectoren, meer bepaald de 

varkenssector, gesloten worden. In deze masterthesis werd nagegaan of en ik welke mate Lemna minor kan 

groeien op zoutrijke effluent van biologische installaties. 

 

Hiertoe werd klein kroos gecultiveerd op synthetische nutriëntoplossingen met geschikte N- en P-voorziening, 

maar met wisselende zoutconcentraties. Prestaties werden bepaald door middel van verschillende relevante 

parameters zoals biomassa-aangroei, eiwitopbrengst en nutriëntenrecuperatie (N, P, S). Verscheidene 

experimenten werden opgezet, waarbij de laatste de zoutsamenstelling (Na+, K+, Cl-, SO4
2-) van effluent het best 

nabootste. De concentraties van natrium, als belangrijkste toxisch zoution voor glycofyten, werden constant 

gehouden in equivalente behandelingen in de verschillende experimenten. 

 

Zowel bij enkel toevoeging van NaCl als van de gemengde zouten werden goede prestaties van het kroos 

bekomen tot een natriumconcentratie van 31.96 ≈ 32 mM. Desalniettemin was de eiwitproductie lager bij deze 

concentraties ten opzichte van de controle-oplossing, resp. ± 30-40% (NaCl) en 15-25% lager (5:1:4:1 

Na:K:Cl:SO4). Daarnaast trad ook significante oxidatieve schade op, weerspiegeld in lagere chlorofylgehaltes 

in de thalli. Als eiwitopbrengst en fosforrecuperatie van groot belang zijn, schuiven de bovenste zoutlimieten 

op richting 18.04 mM Na+ in het gemengde zoutexperiment. Het synthetisch biologisch effluentmedium met 

gemengde zouten leverde over het algemeen hogere groei- en recuperatiewaarden bij concentraties tot 32 mM 

Na+, voornamelijk in de 1ste week. De gemengde zouten hadden dus geen specifiek negatief effect op het kroos.  

 

Onze Lemna minor presteerde dus goed op totale zoutconcentraties -inclusief de ionen van het N medium- van 

32.1 mM Na+, 15.4 mM K+, 26.0 mM Cl- en 7.4 mM SO4
2- bij een constante N- en P-toevoer van 10 mM NO3

-

-N en 1 mM PO4
3--P. Stikstof- en fosforbeschikbaarheid kunnen in werkelijkheid verschillen, maar vallen alsnog 

ruwweg in het interval van die van onverdund biologisch effluent. Enkel de K-inhoud is in werkelijkheid veel 

hoger dan diegene die getest werd, wat mogelijks voor groeiverhindering/-vertraging van het kroos zou kunnen 

zorgen. Uitbreiding naar een full-size vijversysteem met biologisch effluent lijkt dus haalbaar als het enkel op 

nutriëntvoorziening aankomt. Echter, in toekomstig onderzoek moet extra aandacht uitgaan naar toxische 

kaliumconcentraties, alsook andere mogelijks nadelige invloeden zoals accumulatie van zware metalen en 

voederkwaliteit van het geoogste eendenkroos. 
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5. Introduction 
The European Union faces since a couple of decades a protein deficit, mainly situated in the plant protein supply 

to the animal feed sector (FEFAC, 2017a; Westhoek et al., 2011). Import of soybean and soybean meal, mainly 

from South-American providers, are of unmistakable importance to complement EU’s low self-sufficiency in 

plant proteins. However, such large protein-rich trade volumes imply a great dependency on these and cause 

many negative effects in the countries of origin (Denanot, 2018). The intensive land-use change, from native, 

bio-diverse vegetation to soy plantations, is a well-known example (WWF, 2014). On our side of the globe, the 

intensive animal production sector creates a nutrient surplus, partly due to aforementioned imports (VLM, 

2018a). Excessive manure production in Flanders contains ± 12 million kg N and ± 10 million kg P. 

Irresponsible management of excessive manure -mostly resulting from the intensive pig and poultry sector - 

poses on its turn a risk for the environment, including eutrophication and greenhouse gas emissions (De Neve 

& Sleutel, 2018; European Commission, 2012). Hence, European and Flemish regulations have been put in 

place to control this issue (E. Meers, Tack, Tolpe, & Michels, 2008; VLM, 2018a). This includes a costly manure 

processing obligation to farmers, in which nutrients are generally lost (VCM, 2017a; VLM, 2018a). 

 

Duckweed (L. minor) is proposed as a promising solution for both the protein deficit and nutrient surplus 

problem. It is a very common macrophyte with a high biomass production capacity whilst not being very 

demanding. It is high in protein and low in fiber, and contains in addition other valuable components 

(Chakrabarti et al., 2018; Culley & Epps, 1973; Goopy & Murray, 2003; Hillman, Culley Jr, & Jr, 1978). Hence, 

it could serve as protein-rich feed source for e.g. pigs (Gwaze & Mwale, 2015). Moreover it has the ability to 

treat (agricultural) wastewaters, thanks to its beneficial growth and nutrient uptake capacity (Culley & Epps, 

1973; Hillman et al., 1978; Ziegler, Adelmann, Zimmer, Schmidt, & Appenroth, 2015). Its further use as a feed 

resource makes this tiny aquatic plant an interesting candidate in the evolution towards a more circular economy 

in manure processing (VCM, 2017b). In the framework of this circularity, recovery should be the objective, 

rather than removal. 

 

To this purpose, in this master dissertation Lemna minor was employed to recover nutrients and produce feed 

proteins on a synthetic medium as approximation of biological effluent. Effluent from biological treatment 

installations is still relatively nutrient-rich, often surpassing Flemish discharge norms, and coincides rather well 

with duckweed’s nutrient ranges (VLM, 2013, 2018a). Hence, a further purification step is desirable and/or 

necessary, in which duckweed could offer a win-win effect.  

 

Nevertheless, biological effluent is high in soluble salts, possibly impeding duckweed’s growth and nutrient 

recovery (Chang et al., 2012; C. Liu, Dai, & Sun, 2017; Zhu, 2007). Coping with their presence is a first step 

towards growth optimization of Lemna minor on this waste stream. To discover duckweed’s salt tolerance -

while still fulfilling its objectives- different salt tests were executed on synthetic media in a laboratory setting. 

Throughout the experiments, nitrogen and phosphorus supply were kept constant while approximating more 

and more the real (average) salt contents of biological effluent. The hypothesis is that duckweed can indeed 

grow well and recover nutrients on biological effluent, possibly after some tweaking of the nutrient/salt 

concentrations. Determining the upper salt limits is the main goal here, while providing adequate N and P 

concentrations.  
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6. Literature Review 
 Problem statement 

6.1.1. EU’s protein deficit  

6.1.1.1. Introduction 

 

The European Union (EU)1 has a protein deficit, mainly situated in the animal feed sector (de Visser, Schreuder, 

Stoddard, & Cornelis, 2014; Westhoek et al., 2011). EU’s animal protein consumption is about twice the global 

average, when expressed on a per-capita scale. Animal products supply EU citizens with 58% of the proteins in 

their daily diet (see Appendix Table 1), and demand for and production of these products is still increasing 

(FAOSTAT, 2013; Schreuder & De Visser, 2014). 

 

Most of the consumed meat is produced within the EU itself, the ratio of produced/consumed being the self-

sufficiency rate (DG Agriculture and Rural Development, 2018; Westhoek et al., 2011). In other words, EU’s 

self-sufficiency rate in the different animal production sectors are close to or higher than 100%, and they are 

generally on the rise (DG Agriculture and Rural Development, 2018; Statista, 2016; Westhoek et al., 2011). 

However, the supply of plant protein for animal growth is not self-sufficient (Westhoek et al., 2011). EU is 

since long a high and self-sufficient producer of cereals, except for maize (see Table 6.1) (DG Agriculture and 

Rural Development, 2018; FEFAC, 2016a; Häusling, 2011; Westhoek et al., 2011). Next to cereals, a large 

share of protein supply in animal diets comes from protein-rich crops (FEFAC, 2016b, 2017b). These crops are 

not produced in sufficient quantities for use within the EU, creating a large dependency on protein-rich feed 

(excl. starch-rich cereals) imports. It is estimated that 70-75% of the used protein-rich feed is imported, thus 

being a severe bottleneck in EU’s agricultural landscape (Denanot, 2018; Häusling, 2011; Schreuder & De 

Visser, 2014; Westhoek et al., 2011). 

6.1.1.2. Soybean meal as a major imported protein source 

 

As feed is the major cause of the protein deficit, it is necessary to elaborate more on feed compositions. First, 

oilseeds (incl. sunflower, rapeseed and soybean), as well as fishmeal and pulses, are together responsible for 

only 4-5% of protein supply in animal diets in the EU (FEFAC, 2017b). Second, 50% of animal feed consists 

of feed cereals, of which EU produces generally sufficient for its own overall use, corresponding to a total share 

of 38% in the protein supply (FEFAC, 2016a, 2017b). Finally, cakes and meals are dominant feedstuff sources 

when translated into protein quantities, with soybean meal, rapeseed meal and sunflower meal adding up to 45% 

of all the proteins fed to animals in the EU (FEFAC, 2017b). In contrast, the raw product of these meals, being 

oilseeds, only supply animals with ± 1% of protein intake in current diets in the EU (FEFAC, 2016a). Feed 

composition data are resumed in Table 6.1. 

                                                      
1 When talking about the EU or European Union, the EU-28 (vs. EU-27: without Croatia, which accessed in 2013) is 

meant, unless otherwise mentioned. When talking over large periods of time, averages were most probably taken thus it 

is rather unclear which countries the data involve. 
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Notice the low self-sufficiency rate for soybean meal (SBM), which is in se a co-product from the soya oil 

production chain and contains very high levels of protein (Häusling, 2011). As such, it accounted for 13.37 of 

the 44.79 million tons (30%) of proteins fed to farmed animals in 2016-2017 (Booth, 2015; FEFAC, 2017a). 

Since only 0.67 of the 13.37 million tons (5%) proteins from SBM used in the livestock sector originates from 

European agriculture, it can be concluded that above all SBM is a major thorn in the side of EU’s agricultural 

production and independency (de Visser et al., 2014; FEFAC, 2016a; Häusling, 2011; Westhoek et al., 2011).  

 

This makes the EU a significant net importer of soybeans and their meal, being by far the largest importer of 

SBM (18.5 million tons) and the second largest importer of raw soybeans (13.6 million tons) after China 

(Committee for the Common Organisation of Agricultural Markets, 2017; European Commission, 2018; 

FEFAC, 2016a; H. Kroes & Kuepper, 2015). Imports are mainly sourced from Brazil (43%) and Argentina 

(25%), but also from the United States (14%) and Paraguay (6.6%) (Booth, 2015; Committee for the Common 

Organisation of Agricultural Markets, 2017; H. Kroes & Kuepper, 2015). 

6.1.1.3. Solutions & their bottlenecks 

 

To tackle the protein deficit, alternative local produced feed sources are a potential solution. The candidate 

feedstuff should (de Visser et al., 2014; Schreuder & De Visser, 2014; van Krimpen, Bikker, van der Meer, van 

der Peet-Schwering, & Vereijken, 2013): 

- be high in protein; 

- contain qualitative and highly digestible proteins; 

- be low in anti-nutritional factors (ANFs); 

- have a competitive price level vs. imported SBM and common, lucrative crops like maize & wheat; 

- deliver a good yield under European climate conditions, one of the main bottlenecks; 

- cope well with local pests and pathogens; 

- not compete with the food chain; 

- be prospected to remain a feedstuff resource in the long-term. 

Table 6.1: Protein balance sheet for protein rich feed materials in the EU in 2016/2017, summarized in the self-sufficiency 

parameter (FEFAC, 2016a, 2017b). Mio t proteins = million tons of proteins. Data were extracted from DG Agriculture. 

 Protein 

content (%) 

Tot. feed use 

(mio t proteins) 

Feed use < EU orig. 

(mio t proteins) 

Self-sufficiency 

(%) 

Wheat 11.0 5.76 5.40 94 

Maize 10.0 4.22 3.24 77 

Barley 8.0 4.12 4.12 100 

Pulses 15.4-33.0 0.77 0.71 92 

Oilseeds 22.5-35.0 0.50 0.50 100 

     

Soybean meal, 

incl. concentrate 

43.0-62.5 13.37 0.67 5 

Rapeseed meal 33.0 4.36 3.43 79 

Sunflower meal 28.0-35.0 2.43 1.02 42 

     

Fishmeal 65.0 0.36 0.31 86 

Skimmed milk 

powder 

34.0 0.06 0.06 100 

TOTAL  44.79 27.21 61 
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Based on these criteria, the authors set up a short list of ‘candidate crops’ for the West-European case. A table 

with the candidate crops, listed underneath their respective subtype, and their characteristics can be found in 

Appendix Table 2. 

6.1.1.4. Negative side-effects of the deficit 

6.1.1.4.1. Economic dependency 

 

Large South American protein suppliers are facing new customers like China, threatening protein supply to 

EU’s agricultural markets. Often, their production requirements are not as strict and their supply strategy is not 

as transparent as that of the EU. This poses a danger to current soya and oilseed supplies to the EU, undermining 

its market stability (Denanot, 2018; Häusling, 2011). Thus, price volatility, trade distortion and consequently 

protein scarcity could occur and cause major economic damage to EU’s intensive livestock sector, in which 

feed costs are a large expense and therefor co-determine its economic viability (de Visser et al., 2014; Denanot, 

2018; European Commission, 2018; Häusling, 2011).  

 

Moreover, foreign protein crop/soy producers are not subjected to equivalent environmental, GMO-related and 

health standards or constraints as their European colleagues are. This forms a fertile base for unfair competition, 

undermining competitiveness of EU farmers in the current market situation (Denanot, 2018; Häusling, 2011). 

Nevertheless, European niche markets for premium (e.g. organic or non-GMO) feed and quality food are 

expanding, opening up other market opportunities for e.g. EU-produced soy (European Commission, 2018). 

6.1.1.4.2. Negative effects outside the EU 

 

Feed requirement of EU’s intensive animal production is to a certain extent the driving factor for the negative 

externalities occurring in the countries of protein crop production, notably soy (Booth, 2015; H. Kroes & 

Kuepper, 2015).  

 

Expressed in land requirement, De Visser et al. (2014) estimate that 12.8 million hectares of land outside of the 

EU was needed to meet EU’s soya bean meal imports in 2013. All protein crop imports together require a 

cultivation area equivalent to 20 million hectares, more than 10% of EU’s arable land, while only dedicating 

3% of its own arable land to protein crop production (Denanot, 2018; Häusling, 2011). Moreover, global meat 

consumption is since long on the rise. Therefore demand for protein-rich feedstuff & soy increases, possibly 

enlarging EU’s protein deficit (see Figure 6.1) (Denanot, 2018; H. Kroes & Kuepper, 2015). The large need for 

cultivation area abroad is responsible for intensive land use change, incurring ecosystem damage and 

Figure 6.1: Course of past and projected soybean and intensive meat production, from 1961-2020 (KPMG, 2013; S. Mulder et al., 

2016). The pig and poultry sector are known to consume most soybean products (H. Kroes & Kuepper, 2015). The amounts valid in 

1961 were taken as base and set equal to 100%, thus speaking of an index with 1961 = 100. 
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biodiversity loss, mainly in South America (Denanot, 2018; Schreuder & De Visser, 2014; Westhoek et al., 

2011; WWF, 2014). This trend brings along other indirect negative consequences on the environment, of which 

the most noteworthy are mentioned here.  

 

First, the transformed soil undergoes severe & negative changes: soil erosion, compaction, acidification and 

loss of organic matter can occur (WWF, 2014). Second, high nitrogen inputs disturb the nitrogen cycle and 

results in elevated greenhouse gas (GHG) emissions and leaching, the latter contaminating local water resources 

(Denanot, 2018). Furthermore, water availability might decrease in the long term, due to the impact of soy 

monocultures on the regional water cycle (WWF, 2014). Finally, soy production is also associated with high 

GHG emissions, notably CO2, N2O and CH4. Land use change, especially on tropical rainforest, is by far the 

largest contributor to these, up to 17 kg CO2eq kg-1 soybean. The effects of cultivation and (land) transportation 

are approximately both in the range of 0.1-0.6 kg CO2eq kg-1 soybean, thus less impactful but still relevant 

(Castanheira & Freire, 2013). Some non-environmental issues have also arisen, e.g. deplorable labor conditions, 

mostly on Latin American and Asian farms. Moreover, NGOs allege that inequality and concentrated land 

possession has increased in areas with intensive soy production (KPMG, 2013; WWF, 2014). 

6.1.2. Excess of agricultural waste streams in Flanders 

 

West-European agriculture, with its high nutrient/nitrogen inputs, is the major source of nitrate-N losses to 

freshwaters and the environment (European Commission, 2012; Westhoek et al., 2011; Willem et al., 2011). In 

particular, there are several regions characterized by an intensive agriculture and livestock sector, like Flanders. 

In 2016, Flanders housed 42,4 million animals, of which 1.34 million cows, 6.08 million pigs, 34.7 million 

poultry and 0.23 million other livestock animals (VLM, 2018a). All these animals together produced 126.7 

million kg N and 60.5 million kg P2O5, contained within their manure (VLM, 2018a). 

 

This manure can be applied on farm lands as a fertilizer, however to protect the environment from over-

fertilization, European and local legislation and measures have been installed (VLM, n.d.-a, 2018a). According 

to the Flemish legislation, it is estimated that a maximum of 115 million kg N and 50.7 million kg P2O5 coming 

from animal manure could be applied on Flemish agricultural land, in which a correction has been made for the 

phosphorus saturation degree (PSD) of Flemish soils (VLM, 2018a). Since more manure is produced than can 

be disposed (see Table 6.2), it becomes clear that a manure surplus exists. The size of the N and P surplus is 

resp. roughly 12 and 10 million kg, the nitrogen surplus being negatively affected by the PSD (VLM, 2018a). 

 

Surplus and its irresponsible disposal could turn into a hazard: pollution could take place when excessive manure 

is disposed on agricultural land (VLM, 2018a). Nutrient uptake by plants could be insufficient, leaving too high 

nutrient levels in the soil, ready to end up in the environment through run-off, (nitrate) leaching or gas formation 

(De Neve & Sleutel, 2018; Willem et al., 2011). Eventually, applied manure surpluses might lead to 

eutrophication of aquatic ecosystems, followed by algal growth, oxygen deficiency and biodiversity loss, e.g. 

fish death (Conley & Likens, 2009; Willem et al., 2011). Other negative side-effects include elevated/toxic 

Table 6.2: Resuming table on the nitrogen and phosphorus surplus contained in excessive animal manure, based on 2016 data from 

VLM (VLM, 2018a). 

 N P2O5 

Produced (million kg) 126.7 60.5 

Max. disposal (million kg) 115 50.7 

Surplus (million kg) 11.7 9.8 

% of produced (-) 9.2 16.2 
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concentrations of nitrates in ground- and surface water, nitrogenous greenhouse gas (GHG) emissions, 

acidification etc. (De Neve & Sleutel, 2018; Willem et al., 2011). In this light, the Nitrate Directive 

(91/676/EEG) was put in place on EU level, and the MAP (Manure Action Plan) by the Flemish government 

(E. Meers et al., 2008; VLM, n.d.-a, 2018a). 

 

Surpluses on farm level in Flanders most often occur in the intensive livestock sectors, notably the pig and 

poultry sector, as can be seen in Figure 6.2. Farmers in these sectors often own no or very few land and are 

therefore not able to dispose large quantities of their produced manure as a crop fertilizer. Other farms, like less 

intensive dairy farms, could have a manure ‘shortage’. This offers opportunities for manure exchange between 

farms. Indeed, 60% of all manure transport from farms was directed to other farms (VLM, 2018a). 

 

Many points of intervention along the food chain exist to reduce the nutrient surplus and its negative impacts, 

though no solution is perfect. A front-of-pipe approach could be the stimulation of low-nutrient feed use & 

improved feeding techniques (e.g. through nutrient balances), but it seems these methods currently reached their 

maximal potential (VLM, 2018a). The ultimate front-of-pipe solution would be to influence/change 

consumption patterns as to eventually produce less animals and thus lower manure excretion (Häusling, 2011; 

Westhoek et al., 2011). However, last option goes against the current increasing animal production trend.  

 

Thus, other strategies for excess nutrient management, most importantly manure processing, seem inevitable in 

the Flemish context. Surplus farms deliver their excessive manure to manure processing plants, where nutrient 

contents are reduced. Manure transport from Flemish farms to such installations accounted for 33% of all 

transported manure in 2016, equivalent to ± 3.2 million tons of manure containing 33.2 million kg N and 19.2 

million kg P2O5 (VLM, 2018a).  

 

Concluding, both the internal and external effects are non-negligible and have a thorough impact on many areas 

of human life, from economy to environment. This realization has led to various initiatives on sustainable 

production/consumption and management practices, as well on alternative protein sources, of which the Donau 

Soya initiative, the Soy Scorecard by WWF and the EIP-AGRI Focus Group on Protein Crops are examples 

(Association Danube Soya, 2018; S. Mulder, Svingen, & Grayson, 2016; Schreuder & De Visser, 2014). 

Use vs. Production of N from manure Use vs. Production of P2O5 from manure 
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Figure 6.2: Use of raw manure vs. production for different animal groups in 2016, in million kg N and million kg P2O5. The fully colored 

red bar on top is indicative for the manure surplus in each sector. Manure in this context includes raw manure as well as manure 

products/derivates after separation, drying or (pocket) fermentation (VLM, 2018a). 
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 Duckweed, a plausible solution 

6.2.1. Introduction 

 

Duckweeds are part of the small family of aquatic, monocotyledonous plants, called 

the Araceae (Angiosperm Phylogeny Website, n.d.; Soortenbank, n.d.). In further 

discussions, they will be assigned for ease of recognition to the Lemnaceae family 

(Chakrabarti et al., 2018; Les, Crawford, Landolt, Gabel, & Rebecca, 2002; Ziegler 

et al., 2015). The Lemnaceae family consists of about 40 species worldwide and is 

divided in five genera: Lemna, Landoltia, Spirodela, Wolffia and Wolffiella (Klaus 

J. Appenroth, Borisjuk, & Lam, 2013; Les et al., 2002; Skillicorn, Spira, & Journey, 

1993). Of these genera, the focus in this dissertation will be on Lemna minor, or 

common or lesser duckweed, one of the 14 species recognized within the Lemna 

genus (Les et al., 2002). Lemna minor is a free-floating hydrophyte that thrives on 

still fresh or brackish waters, that are slightly or very nutrient-rich in the best case 

(Angiosperm Phylogeny Website, n.d.; Soortenbank, n.d.). The apparent leaves are 

in fact thalli (transformed stems) and are called ‘fronds’ (see Figure 6.3). They are 

rather small (2-5 x 1,5-3,5 mm), and bright green on top and almost colorless on 

the rear side (Van Der Meijden, R. (Ruud), Bruinsma, Vermeulen, & Heukels, 

2005). Many fronds together form a typical, thick, blanket-like mat on water 

surfaces (Skillicorn et al., 1993). Proliferation occurs dominantly through 

vegetative reproduction followed by detachment of the daughter frond(s), despite 

morphologically being flowering plants (Hillman et al., 1978; Skillicorn et al., 

1993). The specie is considered as ‘very common’ in Belgium, making sourcing 

from nature possible, and also on a global scale it has a near ubiquitous distribution (Elias Landolt, 1986; 

Skillicorn et al., 1993; Van Der Meijden, R. (Ruud), Bruinsma et al., 2005; Van Landuyt, 2007).  

 

Next to local sourcing, reasons for this choice are plural. L. minor is a well-studied specie, e.g. in phytotoxicity 

testing (Dhir, Sharmila, & Saradhi, 2009; Kielak, Sempruch, Mioduszewska, Klocek, & Leszczyński, 2011; E 

Landolt & Kandeler, 1987; Naumann, Eberius, & Appenroth, 2007). It can grow relatively well on low N- and 

P-supply, better than many other species (A. Lüönd, 1980). Also, Lemna minor is able to achieve high growth 

rates for various clones (see Figure 6.4), as well as high nutrient removal rates and protein contents on 

(agricultural) wastewaters (Bergmann, Cheng, Classen, & Stomp, 2000b; J. Cheng et al., 2002; Hillman et al., 

1978; Naumann et al., 2007; Wang et al., 2014; Z. Zhao et al., 2014; Ziegler et al., 2015). Nevertheless, the 

dependency on the used geographical isolate should always be considered when selecting a specie/strain 

(Bergmann et al., 2000b). Below, some of duckweed’s assets2 are described, in the framework of agricultural 

wastewater treatment and animal feed.  

 

Duckweed has the capacity to produce an enormous amount of biomass thanks to its vegetative growth, which 

exhibits an exponential pattern similar to that of unicellular algae, and approximate to bacterial growth in ideal 

conditions (Hillman et al., 1978; R. A. Leng, Stambolie, & Bell, 1995). Biomass production reaches up to 30-

40 tons of dry matter per hectare per year (see Appendix Table 2), but more modest productions of ± 10-20 dry 

weight (DW) tons ha-1 y-1 have also been reported (Chakrabarti et al., 2018; R. A. Leng et al., 1995; Schreuder 

& De Visser, 2014; van Krimpen et al., 2013). Y. Zhao et al. (2015) righteously point on the relativity of such 

high reported production values, which are often based on short-term experiments under controlled conditions. 

                                                      
2 Thus, broader than only Lemna minor, unless explicitly specified. 

Figure 6.3: Lemna minor as 

found in Soortenbank (n.d.). 

Note the 3 roots, instead of 1, 

suggesting fronds that are 

about to detach.. 
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In their year-round pilot-scale experiment they obtained a production of 6.10 g DW m-1 d-1, equivalent to 22.27 

tons DW ha-1 ya-1, which was comparable to other similar experiments on a larger scale. Besides, due to the lack 

of support tissues, the entire plant is a valuable harvest product, in contrast to many major cultivated protein or 

starch crops (Skillicorn et al., 1993). 

 

Duckweed’s relative growth rate (RGR) can be very high, in the range of 0.37-0.42 for L. minor, making 

duckweeds the fastest growing higher plants on our globe, producing more rapidly than any land-based crop 

(Ziegler et al., 2015). RGR of Lemna minor is on the high end compared to species in other Lemnaceae genera 

(see Figure 6.4). Lemna aequinoctialis seems to perform overall the best (not including singular tested clones), 

but is considered a non-native species (Van Landuyt, 2007; Ziegler et al., 2015). All in all, when selecting solely 

on growth potential, L. minor can be considered as a solid pick with not too much intra-species variation (n = 3 

here). Note that the large genetically determined variations in growth, in response to nutrients and climate, can 

also be positively exploited by further selection for incorporation in location farming systems (van Krimpen et 

al., 2013). 

 

Furthermore, duckweed has a high protein content in its dry matter, ranging from 7 to 45% (Hasan, M.R. and 

Chakrabarti, 2009; Schreuder & De Visser, 2014; van Krimpen et al., 2013). Numbers on resulting protein yield 

also differ quite much between different sources, e.g. R Schreuder & De Visser (2014) mention 4-8 tons protein 

ha-1 y-1, whereas van Krimpen et al. (2013) report protein yields from 10.5-18 tons protein ha-1 y-1. The large 

variation in protein content and production can be attributed to various factors, like the growing conditions 

(nutrient status of medium, location etc.), harvest time, species, strain etc. (Hasan, M.R. and Chakrabarti, 2009; 

I. E. Hoving, Holshof, & Timmerman, 2012; Ziegler et al., 2015). Besides, amino acid composition is generally 

favorable for consumption by animals (Rusoff, Blakeney, & Culley, 1980). Also its very low contents in 

undigestible fibers (lignin and hemicellulose), next to low cellulose contents (±10% of DW) make it a highly 

digestible protein source at first sight (Ge, Zhang, Phillips, & Xu, 2012; Skillicorn et al., 1993). This makes it 

a potentially useful and highly productive protein resource which could be incorporated in animal and human 

diets (Klaus J. Appenroth et al., 2017; Skillicorn et al., 1993). 

Figure 6.4: Relative growth rates of some selected duckweeds species, with the bar height indicating the average RGR of the clones 

investigated (between 1 and 7), and the error bars indicating the RGR range found. Single different letters indicate statistically significatnt 

difference (Ziegler et al., 2015). 

 



 

16 

 

 

Since nutrient removal rate is proportional to duckweed’s exceptionally high growth potential, duckweed 

possesses the ability to simultaneously purify various wastewaters and produce valuable biomass as a by-

product (Körner, Vermaat, & Veenstra, 2003a; Monette, Lasfar, Millette, & Azzouz, 2006; Skillicorn et al., 

1993). Agricultural wastewaters, like pure or diluted manure solutions or intermediate waste streams in manure 

processing, are possible growth media. Many experiments have been executed on this topic (Adhikari, Harrigan, 

& Reinhold, 2015; Bergmann et al., 2000b; J. J. Cheng & Stomp, 2009; Culley & Epps, 1973; DeBusk, Peterson, 

& Ramesh Reddy, 1995; K. Kroes et al., 2016; Mohedano, Costa, Tavares, & Belli Filho, 2012). Experiments 

showed high nitrogen and phosphorus removal rates, combined with satisfying biomass production and quality. 

Below are given some general, but rather ideal uptake rates of some important growth nutrients (Table 6.3). 

 

Table 6.3: Constituent uptake rates in g m-2 y-1 of some important elements by Lemna, summarized by (Zirschky & Reed, 1988) from 

(Ngo, 1987). 

 N P K S Ca Mg Na Cl Fe Al 

Uptake rate 611 80 252 65 600 80 39 100 80 260 

 

Beside valuable protein and biomass production, also starch and other bio-products like flavonoids and lipids 

can render added value to the cultivation of duckweed (Lam, Appenroth, Michael, Mori, & Fakhoorian, 2014). 

Notice also that duckweed as a protein sources doesn’t necessarily compete for fertile, arable land since they 

can be grown in basins on e.g. fallow land, resulting in (much) lower land use than e.g. soya (Schreuder & De 

Visser, 2014; Tallentire, Mackenzie, & Kyriazakis, 2018; van Krimpen et al., 2013). 

6.2.2. Growing conditions 

Duckweed growth is greatly determined by its growing conditions. These include plant density, temperature, 

light intensity, pH, nutrient concentrations etc. For some agricultural waste streams, the salinity is of importance 

because nutrient concentrations, notably salt ions, might be problematically high. This could be the e.g. the case 

for the application of liquid fraction of digestate on lettuce, possibly incurring salt stress (Sigurnjak et al., 2016). 

6.2.2.1. Plant density 

 

Relative growth rate (RGR) of Lemna minor decreases with increasing plant density, assuming no nutrient 

limitation (see triangle-marked curve in Figure 6.5) (Driever, Van Nes, & Roijackers, 2005; Monette et al., 

2006; Skillicorn et al., 1993). Driever et al. (2005) reported highest observed RGR (0.30 d-1; doubling time DT 

= 2.3 days) at a biomass density of 10 g DW m-2, with density-dependent reduction of growth rate being rather 

logarithmically than logistically. In another 7-day experiment, L. minor showed a maximal growth rate of 0.27 

d-1 with an initial plant density between 3.4-9.6 g DW m-2 (Monette et al., 2006).  

 

Nevertheless, growth rates should be seen in relation to initial crop densities to achieve maximal absolute 

biomass productions (Skillicorn et al., 1993). Figure 6.5 shows the maximal level of duckweed production (88 

g DW m-2) at an optimal starting crop density D0 of about 45 g DW m-2, for a growing period of 7 days. Note 

that at the maximum of the duckweed production curve the first order growth rate is not anymore at its highest, 

due to density-dependent growth inhibition (Kufel, Strzałek, & Przetakiewicz, 2018). However, since a higher 

initial density was started from, the final biomass production is highest at this point. Depending on the length 

of the growth experiment, or equivalently the harvest frequency, the optimal initial density for maximal biomass 

production in that period varies, with higher optimal initial densities for shorter experiments and vice versa 

(Monette et al., 2006). 
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Remarkably, at very low density levels (< 9.5 g DW m-2) significantly lower growth rates were observed 

(Driever et al., 2005). Lower growth rates at low density could be explained through an increase in duckweed 

deck temperature once the mat is closed, estimated at ± 10 °C higher than ambient temperatures (Reed, Crites, 

& Middlebrooks, 1988). Also, a closed deck impedes light penetration to the solution below the deck, inhibiting 

in this manner undesired algae growth (Körner et al., 2003a; Skillicorn et al., 1993). 

6.2.2.2. Temperature 

 

Optimal temperature for Lemna minor photosynthesis ranges between 20 and 30 °C, dependent on whether 

photosynthesis is monitored via O2 or 14CO2 evolution, with the latter resulting in lower temperature values 

(Wedge & Burris, 1982). In general, for Lemna minor, the temperature optimum is at ±29 °C, in the same range 

of 25-31 °C as other duckweed species, according to (Docauer, 1983). Driever, Van Nes, & Roijackers (2005) 

assumed an optimal temperature of 26 °C in their model for L. minor, whereas Z. Zhao et al. (2014) found 

optimal absolute growth at 20 °C. The general trend is that RGR rises linearly from the minimum (5 °C) to the 

optimum temperature, after which it steeply falls once the optimum is passed (Docauer, 1983; E Landolt & 

Kandeler, 1987; Elias Landolt, 1986). Between 35-40 °C serious damaging effects will occur to the duckweed 

plants (Reed et al., 1988). 

6.2.2.3. Light intensity 

 

Overall, at increasing light intensities growth parameters (incl. dry weight per frond and RGR) will also increase, 

just like protein and chlorophyll content (E Landolt & Kandeler, 1987; Z. Zhao et al., 2014). From a certain 

light intensity on, growth rates don’t increase substantially anymore, resulting in a plateau phase, implying 

(light) saturation kinetics. For most species, this phase starts between 100 and 200 µmol m-2 s-1 (E Landolt & 

Kandeler, 1987). Light saturation of the photosynthetic system of Lemna minor, based on photosynthetic O2 

evolution, occurred between 300 and 600 µmol m-2 s-1, dependent on the temperature (15-35 °C). 

Photoinhibition occurred at intensities greater than 1200 µmol m-2 s-1 C (Wedge & Burris, 1982). For 

commercial duckweed production for bioethanol conversion, a light intensity of 110 µmol m-2 s-1 under a 

photoperiod regime of 24:0 h light/dark cycle would be recommended, considering the cost of external/artificial 

Figure 6.5: Variation of some growth-related parameters according to the initial mat density D0, expressed in grammes of dry weight 

per square meter. The experiment was excecuted with Lemna minor over 7 days (Monette et al., 2006). 
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light (Yin et al., 2015). E Landolt & Kandeler (1987) also state that -in line with the huge inter- and intraspecies 

diversity proven by Ziegler et al. (2015)- “in general, the differences within a species are nearly as great as 

between the species.”  

6.2.2.4. pH 

Optimal pH range for Lemna minor growth depends strongly on the used nutrient solution. For a medium 

without chelating agent, Hicks (1932) found good growth of common duckweed in a range of 5.4-6.8. McLay 

(1976) estimated the pH optimum for Lemna minor at 6.2. Exponential (relative) growth rates were observed to 

decline rapidly once the pH of the solution deviates from the optimum, in a nearly symmetrical way, as shown 

in Figure 6.6. Furthermore, pH limits, which define the range of tolerance, give valuable information on the pH 

extremes in which common duckweed can survive. McLay (1976) estimated for Lemna minor the tolerance 

range on Jacob’s media between 4 and 10. Hicks (1932) estimated its tolerance slightly narrower, from 4.5-8. 

Of the tested 7 duckweed species, L. minor showed the highest tolerance range. The analysis of the lower limit 

of the pH range for growth of 15 L. minor clones resulted in an average of 3.3 (E Landolt & Kandeler, 1987). 

Figure 6.6: Exponential growth rates of three replicates of Lemna minor on Jacob’s media of regulated pH, showing a rather parabolic 

dependency on pH. Note that in ideal growth conditions, exponential growth can be supposed and that thus exponential growth rate 

equals the before defined RGR (McLay, 1976). 

0. 

0. 

0. 
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6.2.2.5. Nutrient concentrations 

 

As for all living beings, the elements carbon (C), oxygen (O) and hydrogen (H) are the major and essential building blocks. Beside these, K, Ca, Mg, N, P, S, Cl, Fe, 

Mn, Mo and B were proven to be essential for Lemnaceae (E Landolt & Kandeler, 1987). Nutrients like Na, Cu, Li and Ni are attributed a growth promoting effect, if 

not present in too high concentrations. Note that nutrient requirements and tolerances are not absolute but depend on many factors. The employed clone, culture 

conditions (e.g. presence of antagonist, replaceable or protagonist nutrients) and the form under which the element occurs can all undermine the comparability between 

different experiments (E Landolt & Kandeler, 1987). In general, plants of the Lemnaceae family can grow in a wide range of nutrient concentrations and stay alive in 

nutrient-poor growth solutions for several days to weeks. This observation can be explained through the usage of accumulated nutrients encountered in older duckweed 

fronds. However, a persistent and constant growth rate as desired is only achievable in relatively nutrient-rich solutions (E Landolt & Kandeler, 1987). In Table 6.4 

and Table 6.5 minimal, optimal an maximal values for resp. nutrient concentrations and other abiotic growth parameters are displayed. 

 

Table 6.4: Minimum, optimum and maximum nutrient concentrations for Lemna minor growth. Only the essential elements are included, and the sources of the different ranges/concentrations are 

referred to in the last column. For N and P these 3 ranges mean concentrations at which resp. 50%, 80% and 50% of the maximal RGR is obtained. For other elements these are the concentrations at 

which significantly lower growth rates were observed, or even no growth/toxicity. * = range/number from other specie than L. minor, due to availability of data. 

Nutrient  Minimum (mM) Optimum (mM) Maximum (mM) Reference  

N (nitrogen) 0.0051 

0.0083 

0.2 - 252 100 – 1503 

1251,3 

1(Docauer, 1983) 
2(Annamaria Lüönd, 1983)  

3(Müller, 1983) 
13(A. Lüönd, 1980) 

 

P (phosphorus) 0.000112 

0.000451 

0.014 - 0.352 

 

1.752 1(Docauer, 1983) 
2(Annamaria Lüönd, 1983)  

 

K (potassium) 0.059* 0.5 - 104 

19* - 209* 

509* 4(Strauss, 1976) 
9(Eyster, 1966) 

 

NH4
+-N (ammonium-N) 0.15 0.55 - 65 605 5(Wang et al., 2014)  

NO3
--N (nitrate-N) <0.59* 109* - 309* 1009* 9(Eyster, 1966)  

S (sulfur) 0.0019* 0.59* - 209* 509* 9(Eyster, 1966)  

Cl (chlorine) 0.00026 

0.00037 

0.00019* 

0.0037 - 0.0086 - 19* 

 

>109* 6(Georges Martin, 1963) 
7(G. Martin & Lavollay, 1958) 

9(Eyster, 1966) 

 

Ca (calcium) 0.0028 

0.01-0.0210 

 0.2 - 204 

0.018 - 158 

509 

20-4010 

4(Strauss, 1976) 
8(Zimmermann, 1981) 

9(Eyster, 1966) 
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10(Beyer, unpubl. Res.) from (E Landolt & 

Kandeler, 1987) 

Mg (magnesium) 0.0028 

0.00410 

0.054 - 104 

0.018 - 158 

509 

78 

3310 

4(Strauss, 1976) 
8(Zimmermann, 1981) 

9(Eyster, 1966) 

10(Beyer, unpubl. Res.) from (E Landolt & 

Kandeler, 1987) 

 

Fe (iron) 0.00059* 0.019* - 0.0511 - 0.19* 19* 9(Eyster, 1966) 

11(Steinberg, 1946) 

 

B (boron) <0.000019* 0.00511 - 19* 512 

109* 

9(Eyster, 1966) 

11(Steinberg, 1946) 

12(Thellier & Le Guiel, 1967) 

 

Mn (manganese) 0.000019* 0.0019* - 0.069* 1.313* 

19* 

9(Eyster, 1966) 

13(Y. Liu, Sanguanphun, Yuan, Cheng, & Meetam, 

2017) 

 

Mo (molybdenum) <0.0000019* 0.00021 - 0.39* 0.0522* 1(Steinberg, 1946) 

2(Datko, Mudd, & Giovanelli, 1980): molybdate & 

Lemna paucicostata 
9(Eyster, 1966) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Underneath, extended info on the principal nutrients N and P is provided, and very briefly dealt on some other important growth solution components. 

 

Table 6.5: Resuming table on some important abiotic growth parameters for Lemna minor, data extracted from 6.2.2.1 

to 6.2.2.4. 

 Minimum Optimum Maximum 

Density (g DW m-2) 0 45 180 

Temperature (°C) 5 29 40 

Light (µmol m-2s-1) 30 110 1200 

pH (-) 3.3 6.2 10 
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6.2.2.5.1. Nitrogen 

 

Different forms can be taken up by duckweed (Lemna minor), being nitrate (NO3
-), nitrite (NO2

-), ammonium 

(NH4
+), urea (H2NCONH2), or specific amino acids (E Landolt & Kandeler, 1987). Nevertheless, nitrate and 

ammonium are the main sources of nitrogen for duckweed. Both forms can be absorbed through fronds and 

roots, the latter becoming increasingly important in low-N conditions (Cedergreen & Madsen, 2002). Nitrate 

(NO3
-) uptake is realized through nitrate/H+ cotransport and is thus responsible for a pH rise in the solution (E 

Landolt & Kandeler, 1987).  

 

Duckweed preferentially takes up ammonia as a nitrogen source, rather than nitrate or other N sources 

(Cedergreen & Madsen, 2002; Ericsson, Larsson, & Tillberg, 1982; Harvey, Fox, Harvey, & Fox, 1973; 

Skillicorn et al., 1993). High nitrate levels don’t significantly affect growth of Lemna minor between 20-40 

mg nitrate-N L-1 (Chong, Hu, & Qian, 2003). In comparison to growth solutions with only ammonium, the 

RGR (based on frond number) of L. minor is ± 20% lower when only nitrate in the same N-concentration is 

present, independent of the nitrate salt (KNO3, Ca(NO3)2 or NaNO3) present. This observation was held for all 

species tested, indicating a general physiological phenomenon in Lemnaceae (Figure 6.7) (A. Lüönd, 1980). 

 

 

Uptake rates for ammonium by L. minor were found to be up to 10 times higher than for nitrate, and the 

difference was more pronounced at low nitrogen concentrations (Cedergreen & Madsen, 2002; Ingemarsson, 

Johansson, & Larsson, 1984; E Landolt & Kandeler, 1987). Dicht, Kopp, Feller, & Erismann (1976) found 

that L. minor protein contents were highly influenced by the nitrogen source. The ammonium solution rendered 

25-30% more proteins in the plant’s tissue compared to the nitrate solution and protein content dynamics were 

rather quick (40 to max. 80 hours). This is of course of interest when duckweed is grown in order to serve as 

a protein-rich animal feed (R. A. a. Leng, 1999).  

 

Despite ammonium’s capacity for efficient nitrogen supply, it can become a toxic nutrient when present in 

high concentrations (Wang et al., 2014). Very high NH4
+-concentrations are sometimes found in pure 

agricultural wastewaters, urging the need for an adequate dilution to grow duckweed on (Adhikari et al., 2015; 

Bergmann, Cheng, Classen, & Stomp, 2000a; J. Cheng et al., 2002; DeBusk et al., 1995; Xu & Shen, 2011). 

Figure 6.7: RGR (named here as MR or Multiplication Rate) of four frequently occurring duckweed species, in solutions with six 

different, but equimolar nitrogen solutions, the nitrogen source being: 1: KNO3 – 2: Ca(NO3)2 – 3: NaNO3 - 4: NH4Cl – 5: (NH4)2SO4 

– 6: NH4NO3 (control, 0.5 mM) (A. Lüönd, 1980). 
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At 840 mg NH4
+-N L-1 Lemna minor exhibited reduced RGR, C-content, photosynthetic pigments 

(chlorophylls and carotenoids) and C/N-ratio after one week (see Figure 6.8). Fronds showed premature 

senescence, restrained reproduction, growth and biomass accumulation (Wang et al., 2014). The effect of 

ammonium on the RGR is strongly dependent on its concentration, but also on the pH of the solution (Körner, 

Das, Veenstra, & Vermaat, 2001). 

 

Ammonium can also occur as ammonia (NH3), the equilibrium of which is dependent on the pH and 

temperature (Körner et al., 2001; E Landolt & Kandeler, 1987). Up to ammonia concentrations of 1 mg L-1 in 

settled domestic wastewater, the toxic effect on the RGR of Lemna gibba was due to both forms, between 1-8 

mg L-1 it could be subscribed to NH3. Above this range, ammonia concentrations were lethal to Lemna gibba. 

Up to a pH of 7.8 a relatively high duckweed yield of 5.5 g DW m-2 d-1 was still achieved (Körner et al., 2001).  

6.2.2.5.2. Phosphorus 

 

Phosphorus is also a major growth element for good Lemna minor growth and is mostly taken up as phosphate 

(PO4
3-). It is the major limiting nutrient after nitrogen, but species-specific phosphorus requirement would be 

not correlated to the nitrogen requirement (Chakrabarti et al., 2018; E Landolt & Kandeler, 1987; Skillicorn et 

al., 1993). In comparison to other duckweed species, Lemna minor has a rather low phosphorus requirement 

(Docauer, 1983). When phosphorus is deficient, photosynthesis rate of L. minor decreases, even when light 

saturated. Thus, sufficient phosphorus supply is of uttermost importance to sustain a constant growth. 

Duckweed can concentrate up to ± 1.5% of phosphorus in its dry weight, constituting a substantial P sink (E 

Landolt & Kandeler, 1987; R. A. a. Leng, 1999). If Lemna minor takes up both nutrients at 50% of their 

maximum uptake rate, as expressed by the ratio of half saturation constants (Km, NO3
-/Km,PO4

3-), the nutrient 

solution contains 11.8 times more nitrate than phosphate (Docauer, 1983; C. Mulder & Hendriks, 2014). This 

is an interesting parameter for non-ideal nutrient supply.  

6.2.2.5.3. Other important nutrients 

 

Sulfur (S) is mainly taken up as sulfate (SO4
2-) and Lemna minor tissue can linearly store more sulfate when 

external Na2SO4 concentration increases, up to a concentration of 35.2 mM, assuring continuous growth up to 

this concentration (Frick & Golt, 1995).  

Figure 6.8: NH4
+-N concentration vs. RGR based on the DW increase (RDWGR) of Lemna minor. Different letters indicate a 

significant difference at P<0.05. The optimum is at 28 mg L-1; note also the large decrease at 840 mg L-1 (Wang et al., 2014). 
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Chlorine (Cl) is an indispensable element for duckweed growth, and Cl- ions are utilized for photosynthesis 

and other processes (E Landolt & Kandeler, 1987; G. Martin & Lavollay, 1958). When chlorine is purified 

from a nutrient solution, clear signs of damage to Lemna minor are visible, like chlorosis, dwarfism, lower 

chlorophyll content and reduced/no root formation (G. Martin & Lavollay, 1958). 

 

Sodium (Na) is in important element in many waste streams, and its necessity for duckweed growth is rather 

controversial. An observed positive effect of NaCl on duckweed growth is more likely to be attributed to the 

chloride anion (E Landolt & Kandeler, 1987). René Strauss (1976) reports a Na concentration of 5-10 mM for 

good growth of Lemna minor. However, high concentrations sodium are toxic for plant growth (see infra) 

(Zhu, 2007). 

 

Potassium (K) can be efficiently taken up by duckweed, but rather little is needed for rapid growth (R. A. a. 

Leng, 1999; Skillicorn et al., 1993). For Lemna minor, potassium concentrations ought to be in the range of 

0.5-10 mM for good and steady growth, according to René Strauss (1976). Higher concentrations bring along 

slow(er) growth rates; at lower concentrations symptoms like chlorosis and reduced fond size show up (E 

Landolt & Kandeler, 1987; Strauss, 1976).  

 

For calcium (Ca) and Magnesium (Mg), optimal concentration of one can only be defined in correlation with 

the concentration of the other, since they behave as antagonists (E Landolt & Kandeler, 1987). In general, 

Lemnaceae need more Ca than Mg for growth (Zimmermann, 1981).  

 

Iron (Fe), Manganese (Mn), Molybdenum (Mo) and Boron (B) are essential elements for Lemna minor. When 

these elements were omitted from the nutrient solution, sharp growth decreases are rapidly observed (Hopkins, 

1931; Steinberg, 1946). Upper limit concentrations, at which toxicity occurs, are shown in Table 6.6.  

 

Table 6.6: Inhibition tolerance of Lemna minor for various micronutrients, with the upper concentration at which no inhibitory 

effect was observed for L. minor, as well as the concentration at which complete growth inhibition was observed. Only one trace 

element at a time was added to the nutrient (Frick, 1985). 

Effect on growth Fe (mM) Mn (mM) B (mM) Cu (mM) Zn (mM) Mo (mM) 

No inhibition 0.50 1.0 1.6 0.05 0.10 0.57 

Complete inhibition 1.80 5.0 8.0 0.10 1.0 2.83 

6.2.2.6. Salinity 

 

Apart from nitrogen and phosphorus from anthropogenic sources (industry, agriculture, household waste 

streams…), also anthropogenic salts can end up in waterbodies. The amounts of salts in a solution make up 

the salinity and largely contribute to its conductivity too (Clean Water Team (CWT), 2004). On a global scale, 

no compound is more restrictive to plant growth than salts (Zhu, 2007). The most occurring salt molecule, 

released from both natural and anthropogenic (incl. agricultural) sources and with which duckweed plants deal, 

is sodium chloride or NaCl (Chang et al., 2012; Sree, Adelmann, Garcia, Lam, & Appenroth, 2015; Zhu, 2007). 

Nevertheless, other dissolved ions can significantly contribute as well to salinity, e.g. sulfate (SO4
2-) and 

(bi)carbonate (CO3
2-/HCO3

-) (Clean Water Team (CWT), 2004). In the light of this master dissertation, salts 

are inherently part of agricultural waste streams and aren’t filtered out in many manure processing steps (BDB, 

2009a; VCM, n.d.). Hence, these would end up in the potential growth solution and cause a certain degree of 

salt stress to duckweed. 
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6.2.2.6.1. Salt stress 

 

Salt stress can have severe effects on growth and vitality of Lemna minor. Effects of (long-term) salt stress 

include growth reduction/inhibition, faster plant development & senescence and even death of the considered 

plant (Sikorski, Piotrowicz-Cieślak, & Adomas, 2013; Zhu, 2007). Na+ is toxic to most plants, and some are 

also sensitive to high Cl- concentrations (Simmons, 2012; Yermiyahu, Ben-Gal, Keren, & Reid, 2008; Zhu, 

2007). For Lemna minor in nutrient-poor conditions, Na+
 and SO4

2- exhibit a synergistic interaction, forming 

the most toxic common salt, both acutely and chronically (Frick & Golt, 1995; Simmons, 2012). General 

toxicity order for common duckweed would be Na2SO4 > NaCl = KCl > CaCl2 > K2SO4 (Simmons, 2012). 

Since NaCl is dominant in agricultural waste streams, focus will be put on this anion in next paragraphs. Being 

a glycophyte, Lemna minor can be prospected to be strongly inhibited or even killed at NaCl concentrations 

of 100-200 mM (Zhu, 2007). 

 

Salt stress works both as an abiotic stress, due to toxicity of many salt ions to plant cells, as well as an osmotic 

stress (Simmons, 2012; Zhu, 2007). These stresses are translated into oxidative stress effects, once stomata 

close thanks to the elevated production and transport of the plant stress hormone abscisic acid (ABA) (Zhu, 

2007). Salt itself induces a rather small increase in endogenous ABA levels, but possesses similar modes of 

action on enzyme activities in L. minor (Huber & Sankhla, 1979). CO2 fixation and photosynthesis are reduced 

and the level of NADP+, the electron acceptor in photosynthesis, drops. Electrons from the electron transport 

chain leak to O2, forming damaging reactive oxygen species (ROS) (Halliwell, 1987; Oukarroum, Bussotti, 

Goltsev, & Kalaji, 2015; Radić & Pevalek-Kozlina, 2010). These cytotoxic compounds are highly reactive and 

disturb normal metabolic functioning of the cell through oxidative damage of lipids (lipid peroxidation), 

nucleic acids and proteins, of which also crucial enzymes (Chang et al., 2012; Halliwell, 1987; Radić & 

Pevalek-Kozlina, 2010). Next to these ROS, NaCl itself is inhibitive for many enzymes in the cytoplasm. As 

a defense mechanism storage in the cell’s vacuole can occur (Zhu, 2007). 

 

Concerning the osmotic stress effect, duckweed plants could become subjected to a water deficit (Zhu, 2007). 

To counter the external osmotic potential, low molecular weight organic solutes or ‘osmoprotectants’ (e.g. 

proline, monosaccharides and cyclitols) can be accumulated at high concentrations in the frond cells’ cytosol 

without causing any harm (Frick & Golt, 1995; Radić & Pevalek-Kozlina, 2010; Sikorski et al., 2013; Zhu, 

2007). These are suggested to serve as bio-indicators for environmental stress caused by e.g. NaCl (Sikorski 

et al., 2013). Besides, high sodium levels also interfere with the uptake of the chemically similar K+ ion, of 

which a deficiency will always lead to growth inhibition (E Landolt & Kandeler, 1987; Zhu, 2007).  

 

As a result of both abiotic and osmotic stresses, duckweed’s antioxidative defense mechanism is stimulated, 

enhancing its survival capacity when stress is not too extreme (Chang et al., 2012; Radić & Pevalek-Kozlina, 

2010; Zhu, 2007). Root cells of Lemna minor exhibit higher quantities of non-enzymic antioxidants, notably 

ascorbate and glutathione, at higher NaCl-induced salt stress (Panda & Upadhyay, 2004). Antioxidant 

enzymes, like SOD (superoxide dismutase), peroxidases, catalase and glutathione reductase, also show higher 

values when salt concentrations are high (Panda & Upadhyay, 2004; Radić & Pevalek-Kozlina, 2010). 

Nevertheless, catalase (catalyzes H2O2  H2 + O2) activity in root cells decreased in another, short-term 

experiment, indicating a well-coordinated, situation-specific functioning of the (root) cells’ antioxidant 

defense system (Panda & Upadhyay, 2004). Also in giant duckweed (S. polyrhiza), higher activities of 

antioxidant enzymes and levels of antioxidants were observed (Chang et al., 2012). 

6.2.2.6.2. Effect of salinity on duckweed growth 

 

In general, duckweed growth decreases with increasing salt (most notably NaCl, and Na2SO4) concentrations, 

whether expressed in frond number, leaf area, fresh weight or dry weight (Chang et al., 2012; Frick & Golt, 

1995; Keppeler, 2009; C. Liu et al., 2018, 2017; Radić & Pevalek-Kozlina, 2010; Simmons, 2012; Sree et al., 
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2015). Whereas overall growth decreases at high NaCl concentrations, the dry weight content of fronds 

generally increases under salt stress (Sikorski et al., 2013). 

 

In a very relevant experiment carried out by Liu et al. (2017), the investigated Lemna minor plants were grown 

on different saline solutions, from 0-100 mM NaCl. When growth was expressed in fresh weight gain (or loss), 

a significantly negative effect was observed starting from the 50 mM NaCl solution onwards. In Table 6.7, an 

overview of salinity growth experiments is given, with maximum (and optimal) concentrations on various 

growth media.  

 

Sree et al. (2015) added an extra dimension to the growth potential of duckweed species in saline solutions. 

They established the large clone-specific variation in growth potential in NaCl-rich solutions, next to the 

expected differences between species. 

6.2.2.6.3. Effect of salinity on nutrient removal & uptake 

 

L. minor is suited for N removal up to salt levels of 75 mM NaCl, or equivalent salt concentrations (C. Liu et 

al., 2017). Liu et al. investigated the effect of salt (NaCl) concentrations on the ability of Lemna minor to 

remove nitrogen and phosphorus from an artificial growing solution, containing 5 mg NO3-N L-1 and 0.5 mg 

PO4-P L-1. They found that in the range of 0-75 mM (or 0-4383 mg NaCl L-1) the duckweed was still able to 

take up nitrate-N, and the amount increased when cultivated longer (see Figure 6.9A). However, independent 

of cultivation time, the absorbed nitrate decreased with increasing salt concentration in the solution. Similar 

trends were seen for the total nitrogen (TN) content (nitrate, ammonia and organic N), probably the most 

important parameter for ecological assessment (see Figure 6.9B). At high (100 mM) salt concentrations, over-

accumulated nitrogen was released, resulting in an undesired net increase in total nitrogen of the solution. 

Removal efficiency became negative when surpassing 75 mM NaCl. Ammonium (NH4
+) was not added to the 

solution but was nevertheless found when analyzing the solution at the end of incubation, indicating 

ammonium release by the duckweed plants themselves (C. Liu et al., 2017). This release has a detrimental 

effect on the TN uptake/balance in Figure 6.9B. 

Table 6.7: Different ranges of tolerance for main salts NaCl and Na2SO4, up to where RGR becomes significantly negative, or FW significantly 

decreases, or 50% of the fronds died in the tested period (see references for exact definition). Note the large differences in the macronutrient 

provision, as well as the variety of concluded salt tolerances. Nutrient media compositions, if not explicitly mentioned in the article, were 

calculated from (ISCDRA, 2015). * = other specie than Lemna minor 

Maximum 

(mM) 

Optimum 

(mM) 

N  

(mM) 

P 

(mM) 

K 

(mM) 

Nutrient solution Reference 

NaCl       

100-150 - 9 0.5 5.5 ½ Hoagland (C. Liu et al., 2018) 

20-40 5-10 21 5 20 Strauss (own) (Strauss, 1976) 

50-75 - 0.36 0.016 2.8 Modified ¼ Hoagland (C. Liu et al., 2017) 

125-250 3.91 1 0.01 0.01 Modified Swedish Standard (SIS) (Sikorski et al., 2013) 

52 - 3 ? 1.2 20% Duckweed medium (Simmons, 2012) 

200* - 14 1.3 12.4 Schenk & Hildebrandt (SH) (Chang et al., 2012) 

Na2SO4       

20 - 21 5 20 Strauss (own) (Strauss, 1976) 

25 - 3 ? 1.2 20% Duckweed medium (Simmons, 2012) 
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For phosphorus, a similar trend was observed: up to salt levels of 75 mM NaCl L. minor could effectively 

remove P after 3 days. At low salt concentrations (0-50 mM), duckweed accumulated ortho-P (added as 

KH2PO4), thus effectively decreasing the solution’s P-concentration. When cultivated 3 days instead of 1 day, 

removal was even higher (see Figure 6.10). However, when salt concentrations were too high (+75 mM), after 

24h the P concentration in the solution was higher than at the start, but after 72h this net increase was again 

largely compensated. For 100 mM, the phosphorus increase in the solution increased even more when 

cultivated for 72 h. So, large amounts of phosphorus stored in the duckweed were released when grown under 

severe salt stress, being the reason for strongly negative removal efficiencies. 

 

For both nitrate and phosphate, a reduced uptake under high salt stress could be physiologically explained 

through inter alia reduced macronutrient demand in salt stress-induced growth-restricting conditions, as well 

as through competition with chloride for the membrane anion transporter (C. Liu et al., 2017).  

 

Accumulation of the essential element boron (B) by Lemna minor is negatively affected by salt stress and is 

considered efficient in salt concentrations below 100 mM. Though boron content per mass unit increases at 

higher salinities, general boron removal didn’t due to simultaneous growth reduction (C. Liu et al., 2018). 

Carbon (C) incorporation was promoted at relatively low salt concentration (17 mM) after 4 days, but inhibited 

Figure 6.10: Effect of different NaCl concentrations on the removal (≠ recovery) of nitrogen from water by Lemna minor. (A) nitrate-

N concentration, (B) Ammonia-nitrogen concentration, (C) Total nitrogen concentration & removal efficiency (dots and squares). 

Dash line indicates the initial concentration, in casu 5 mg/L of nitrate and no ammonium. Error bars represent standard deviations. 

Use of different letter is equal to previous figure (C. Liu et al., 2017).  
 

Figure 6.9: Effect of different NaCl concentrations on the removal (≠ recovery) of nitrogen from water by Lemna minor. (A) nitrate-N 

concentration, (B) Total nitrogen concentration & removal efficiency (dots and squares). Dash line indicates the initial concentration, 

in casu 5 mg/L of nitrate and no ammonium. Error bars represent standard deviations. Letters indicate significant differences between 

the treatment of the same cultivation time (C. Liu et al., 2017).  
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when grown in higher NaCl concentrations. This observation at higher concentrations was thought to be due 

to a higher inhibition level of the Hill reaction (Huber & Sankhla, 1979). 

 

Besides, increasing NaCl concentrations in the growing medium enhance Na+ and Cl- influxes, thus elevating 

their contents in the duckweed tissue, as shown in Table 6.8 (Chang et al., 2012; Huber & Sankhla, 1979; 

Strauss, 1976). 

 

It has become clear in previous chapters that high salt concentrations are, from a certain concentration onwards, 

nothing but harmful to duckweed. It is important to always keep in mind that the level of inhibition is both 

species and clone dependent. Plant growth will decline as well as nutrient demand, incl. N and P. This way, 

less nutrients will be recycled from the agricultural waste stream, and less biomass for animal feed will be 

formed. For these reasons, the win-win effect of growing duckweed on waste streams might disappear. Salt 

tolerance of the strain/species, corresponding tolerable salinity of the solution, as well as cultivation time, and 

thus harvest frequencies, should be finetuned for optimal growth, nutrient recovery/removal and biomass 

production in practical applications. Results of full-scale nutrient removal/recovery by duckweed experiments 

on (saline) agricultural wastewaters are dealt on in 6.2.3.2.4 Performance indicators. 

  

Table 6.8: Sodium and chloride content in duckweed (L. minor and S. polyrihiza) after specified treatments with NaCl. Data from 

Huber & Sankhla (1979) (HS) and (Chang et al., 2012) (C), the latter on S. polyrhiza. 

c(NaClsolution) Time c(Natissue)  c(Cltissue) 

(mM) (d) (µmol g-1 FW) (µmol g-1 DW) (µmol g-1 DW) (µmol g-1 FW) 

Control  18.8 96.12 84.91 17.2 

85 3 103.4  

739.18 

   

 

571.18 

36.9 

200 6   

200 12  

Factor increase 5.5 7.7 7.2 2.1 

Source HS C C HS 
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6.2.3. Duckweed as agricultural wastewater treatment  

6.2.3.1. Introduction  

 

Duckweed, like other aquatic macrophytes, are since long known to aid in reducing anthropogenic nutrients in 

water bodies, hence restoring their water quality (Dhote & Dixit, 2009; Harvey et al., 1973). Probably the first 

article published in which the authors hinted specifically the use of duckweed as waste treatment dates from 

1973, by Culley & Epps. They contribute the high potential of duckweeds as aquatic plants for wastewater 

treatment to following characteristics: 

- Rapid growth rate, resulting in theoretical high removal of nitrogen, phosphorus and potassium; 

- Relative ease of harvest; 

- High nutritional value compared to many used feed ingredients when grown in animal wastewaters; 

- Higher inorganic/mineral content than naturally grown; 

- Extended growing & harvesting periods; 

- Nontoxicity to animals and/or humans; 

- Lack of serious pests. 

 

Major drawbacks were also identified: high water content, which could increase drying cost, and high (trace) 

component accumulation (metals, insecticides…) (see 6.2.4.3 Bottlenecks). Moreover, its large genetic 

variability offers opportunities for clone selection, but can be negative when selection is not carefully done for 

a specific application (Bergmann et al., 2000b; Ziegler et al., 2015). 

 

Duckweed has the potential to treat more than only agricultural wastewaters. Examples abound are found in 

literature, e.g. for treating domestic wastewater/sewage and contaminated wastewaters from mining or 

industrial activities (Al-Nozaily, Alaerts, & Veenstra, 2000; Dhir et al., 2009; Körner et al., 2001, 2003a; Oron 

& Willers, 1989; Y. Zhao et al., 2015).  

6.2.3.2. Agricultural waste streams from manure processing  

6.2.3.2.1. General overview  

 

In Flanders, excessive manure production has led to a legal obligation for ‘surplus farms’ to process their 

manure surplus (VLM, 2018a). The definition of manure processing encompasses both the export of manure, 

as well as manure treatment in which the N and P don’t end up as such on agricultural land, but is processed 

to nitrogen gas (N2) or converted to a (synthetic) fertilizer (VLM, n.d.-b).  

 

In 2016, 121 manure processing plants were operational in Flanders. These processed all together 41.5 million 

kg N -of which 33.1 million came directly from farms- and 20.6 million kg P2O5 that same year (VCM, 2016; 

VLM, 2018a). Next to Flemish manure, also manure from neighboring countries is treated in Flemish 

installations (VLM, 2018a). Even when (partly) processed, streams still contain to some degree valuable 

nutrients (see Table 6.9). 

 

The concept of circular economy, in which the management of products and waste streams are made more 

sustainable by closing cycles of resources, materials, energy, water etc., could fit well within the practice of 

manure processing. Natural resources are being re-used as much as possible, in casu nutrient recuperation and 

production of other useful duckweed-based products out of manure waste streams. In this respect, the attention 

is on principal nutrient nitrogen, but also on phosphorus, sodium, magnesium, other (micro)nutrients, water 

and organic carbon. Thus, next to the capital role of manure processing in eliminating the Flemish manure 

surplus and equilibrating the manure balance, it can also should bear the function of giving an added value to 

the processed manure. This way, imports of (finite) nutrient sources could be reduced and new resources (e.g. 
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valuable proteins, biomass, starch) can be created out of manure (VCM, 2017b). Hence, the focus of manure 

processing ought to shift from nutrient removal to nutrient recovery and valorization. 

 

From the 41.5 million kg N and 20.6 million kg P2O5 processed (incl. export) in 2016, a large share is coming 

from the intensive sectors (see also Figure 6.2) (VLM, 2018a). Therefore, these sectors also have the highest 

manure processing obligation (MPO), reflected in the amounts being processed in Flanders from the pig and 

poultry sector: 17.8 million kg N (42.8%) and 17.7 million kg N (42.7%) respectively, or together ±86% 

(VCM, 2016). In comparison, cattle manure, horse manure and champost were responsible for resp. 5.4%, 

5.7% and 0.4% of the processed N in manure in 2016 (VCM, 2016, 2018b).  

 

Cattle manure is predominantly directly applied on Flemish agricultural land, with only a fraction being 

processed: 1.8 million kg N of the total of 70.4 million kg N produced. Processed poultry manure is, thanks to 

is dry composition and high nutrient content, almost completely exported. Only ± 11.2 million kg N of its total 

processed N passes through manure processing plants. The other ± 7 million kg N is exported as raw manure 

directly from the farm, where also some (pre-)treatment might occur. Excessive pig manure, which is half of 

the total produced pig manure, is processed nearly entirely in these installations as a liquid waste stream, 

through different high-tech processes (see infra) (VCM, 2018b; VLM, 2018a). Surpluses from this intensive, 

non-circular sector need to be processed, due to lack of other (foreign) disposal options. Thus, it is mostly pig 

manure that poses a major processing cost to farmers and a superfluous waste stream in Flanders.  

6.2.3.2.2. Manure processing: biological treatment 

 

Manure processing starts from the raw product, being unprocessed (porcine) animal manure, that still contains 

substantial amounts of valuable nutrients, like nitrate-N, ammonium-N, different forms of P, minerals etc. 

(VCM, 2018b). However, pig manure composition is not a set of fixed values, but is strongly dependent on 

feed used, production method, water addition, separation, mixing and volatilization processes, storage and 

transport method etc. (BDB, 2009a). Thus, farm-specific manure analysis is recommended, though flat manure 

compositions also exist and are set by the Flemish Manure Bank (VLM, 2018b). Exact manure composition is 

of high importance for future duckweed cultivation, since N and P are the main drivers for good growth. 

Besides, salt concentrations (excl. Ca2+ and Mg2+) after many processing steps remain rather equal to those in 

the original raw manure/slurry (BDB, 2009a; De Blauwer & P Vermeulen, 2012; VCM, 2015; VLM, 2013). 

 

In this literature review, some indicative flat values of pig slurry contents as well as their variation are displayed 

in Table 6.9, to give a general idea. Of course, manure from sows, piglets or on farm pre-separated liquid 

fraction may have very different contents.  

 

Note that the high standard deviations on nearly each value (excl. pH) are a result of above-mentioned variation 

in methods. Comparison to duckweed’s nutrient requirements in Table 6.5 shows that nutrient contents in raw, 

undiluted pig slurry are often too high for good duckweed growth, or even survival. 

 

Table 6.9: Composition and variation of pig slurry, expressed in g L-1, for all feeding systems. Values are averages of samples taken 

by the Belgian Soil Service (BDB) between 2005-2007. Element concentrations are expressed both in g L-1 and mM (BDB, 2009b). 

Nitrogen concentration is quantified on the assumption that ammonium is the predominant inorganic nitrogen form (Manitoba 

Agriculture, 2009). 

 pH DM OM TN Min N P2O5 K2O Na2O MgO CaO 

Pig Slurry 8.0 

±0.2 

89.6 

±31.9 

60.7 

±23.0 

9.6 

±3.0 

5.6 

±2.0 

4.3 

±1.6 

5.3 

±1.8 

1.5 

±0.6 

1.8 

±0.8 

3.6 

±2.1 
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Currently, the most advanced and applied manure processing path applied for pig (and some cattle) slurry in 

Flanders entails three phases: 

1) Mechanical separation (e.g. centrifuge) into liquid and solid fractions. In some cases, direct ingestion 

in an anaerobic digestion system is done firstly.  

2) Conversion of the solid fraction into an exportable product, via e.g. composting or biothermal drying. 

3) Treatment of liquid fraction to reduce nutrient content, either to below discharge criteria or to levels 

suitable for application on arable land. In Flanders, the most popular method for this fractions is the 

biological treatment, resulting in a sludge fraction and the effluent (E. Meers et al., 2008; VLM, 2013). 

 

Overall, most of the nitrogen is processed through biothermal drying (possibly followed by granulation) at 

13.3 million kg N in 2016, mainly for N-rich poultry manure and the solid fractions of pig and cattle manure 

(VCM, 2017a, 2018b). Biological treatment (possibly followed by a constructed wetland treatment) is the 

second largest contributor to nitrogen processing with 12.7 million kg N processed in 2016 (VCM, 2017a). 

Moreover, ± 89% of the total nitrogen processed in biological treatment plants in 2016 originated from pig 

manure. The other 11% is from cattle & calf liquid manure and the liquid fraction of digestate (VCM, 2016). 

  

Biological treatment is still the most applied one in terms of installations, with 98 of the 121 plants in Flanders 

(2016) having a biological treatment installation in place (VLM, 2018a). It is most often preceded by a 

separation step, in which a liquid and a solid fraction is obtained, the former containing most of the nitrogen 

(70-80%) and the latter containing most of the phosphorus (75-80%) (BDB, 2009a; Lemmens et al., 2007). 

This step highly determines the final N and P contents of the biological effluent. Purification is achieved 

through the biologically activated sludge process, including a follow-up of nitrification and denitrification. In 

an aerobic tank, aerobic nitrification by bacteria transforms NH4
+-N almost entirely (NH4

+
end-N < 1 mg L-1) to 

nitrites and nitrates (Lemmens et al., 2007). 

 

NH4
+/NH3  NO2

-  NO3
- 

 

Afterwards, in the denitrification phase, nitrates are anaerobically converted to nitrogen gas N2, which escapes 

to the atmosphere. For this step, extra carbon should be added for the metabolism of the denitrifying bacteria. 

Also, BOD and COD is largely reduced in this step, due to transformation of organic carbon molecules to CO2 

(Lemmens et al., 2007).  

 

NO3
-  NO2

-  NO  N2O  N2 

 

Characteristic for biological treatment is that (nearly) no salts are removed during the process, so Na, K and 

Cl contents are practically equal to that of the untreated manure (BDB, 2009a; De Blauwer & P Vermeulen, 

2012; Lemmens et al., 2007). Note that Mg and Ca are indeed lowered in the effluent in comparison to the raw 

manure, since these mainly stick with phosphorus in the solid phase (see also Table 6.10) (BDB, 2009a). Thus, 

the salt problem generally remains, independent of the technique or step in the process. In addition, nitrogen 

is lost to the atmosphere, which doesn’t strike with the concept of circular economy (VCM, 2017b). 

 

A very general number for N and P removal through biological treatment of pig manure can be given by the 

so-called ‘reference values for manure processing’, based on standardized (and generalized) manure contents 

(VCM, 2016). It is estimated that biological treatment in Flanders would remove ± 5.88 kg of N per 1000 kg 

of liquid fraction entering the treatment tank. Or, overall, biological treatment is considered to remove more 

than 90% of the N present in the liquid manure fraction (BDB, 2009b; E. Meers et al., 2008; VLM, 2013), 

even up to more than 95% (VCM, n.d.) (see Table 6.10). The biological effluent eventually contains less than 

10% of original phosphate, while dissolvable nutrients like K, Na and Cl are still largely present, making it a 

brackish, saline waste stream (BDB, 2009b; E. Meers et al., 2008; VCM, n.d.). Since salinity and electrical 
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conductivity (EC) are strongly interrelated, the EC could be taken as a quick and practical proxy for salinity 

(Clean Water Team (CWT), 2004; Simmons, 2012). 

 

 

As can be seen from the brief review displayed in Table 6.10, final TN concentrations in the effluent can vary 

to a large extent: between 0.23 and 0.70 g L-1. The TN value in the effluent depends on many factors, like the 

time of the year, which relates to temperature and manure supply (VCM, 2018a).  

 

As for the partitioning of the mineral/bio-available nitrogen, most of the nitrogen is present as nitrate, since 

the aerobic nitrifications step is much more efficient than the anaerobic denitrification (see Table 6.11) 

(Lemmens et al., 2007). For the experimental design and further discussion in this dissertation, the effluent, 

being the solution of interest to grow duckweed on, and its composition is of high importance. 

 

Notice that the liquid effluent after biological treatment still surpasses the legal discharge standards (incl. 

COD) set by VLAREM (see Table 6.10), and thus remains a possibly hazardous waste stream to the 

environment (Lemmens et al., 2007; Michels, Meers, Tack, & Tolpe, 2010). A tertiary treatment in the form 

of a constructed wetland could be recommended, delivering a dischargeable effluent (E. Meers et al., 2008). 

 

Finally, it should be mentioned that other processing techniques are also of importance in the nutrient issue 

context. Examples are: Digestion, Biothermal drying/composting, Constructed wetlands, Membrane 

separation, Evaporation, Ammonia stripping/scrubbing, Phosphorus precipitation, Liming, Thermical drying, 

Pelletizing. 

6.2.3.2.3. A variety of systems 

 

A first distinction can be made in the growing environment: in open air vs. covered, depicted in Figure 6.11. 

Many examples exist of duckweed systems in open air, mainly in (sub)tropical regions where climatic 

conditions allow for near-optimal weather conditions for growth throughout a large part of the year 

(Chakrabarti et al., 2018; R. A. a. Leng, 1999; Mohedano et al., 2012; Y. Zhao et al., 2015). However, outdoor 

conditions are per definition not constant and submissive to significant seasonal effects (J. Cheng et al., 2002; 

Table 6.10: Composition of pig slurry and effluent, expressed in g L-1. Effluent compositions per row: 1st: Case values for pre-

treated (separation + biological treatment) pig manure effluent from a Flemish research (Erik Meers et al., 2005), 2nd: Case values 

from a Flemish research on effluent use for potato fertilization (De Blauwer & P Vermeulen, 2012), 3th: 4th: Average values supplied 

by the Flemish Centre for Manure Processing (VCM, n.d.), 4th: Legal discharge standards set by VLAREM, 5th: Averages of samples 

taken by the Belgian Soil Service (BDB) between 2005-2007 (BDB, 2009b; VLM, 2013). Nitrogen content calculations assumed 

that nitrate is the dominant mineral nitrogen form in effluent (see infra). 

 pH DW OM TN Min N P2O5 K2O MgO Na2O CaO Cl 

Pig Slurry 8.0 89.6 60.7 9.6 5.6 4.3 5.3 1.8 1.5 3.6 - 

Effluent 

Meers 2005 

 

8.2 

 

- 

 

- 

 

0.23 

 

0.13 

 

0.61 

 

5.17 

 

0.13 

 

1.62 

 

0.08 

 

- 

PCA 2012 - 15.2 4.5 0.70 - 0.29 1.32 - - - 1.57 

VCM 7.2 14.6 3.6 0.3 0.2 0.3 4.6 0.1 1.3 0.2 - 

BDB 2009 8.2 12.5 3.6 0.5 0.4 0.4 4.0 0.1 1.1 0.3 2-3 

Discharge std. VLAREM 0.015 0.002      

Table 6.11: N and P end compositions (in mg L-1) of biological effluent of two types of Flemish installations where pig manure is 

processed (Lemmens et al., 2007). TKN = Total Kjeldahl Nitrogen.  

 TKN NH4-N NO2-N NO3-N P2O5 

Bio Armor 100-250 - 0-20 ? 300-400 

Trevi (most common) 100-200 0-20 0-20 250-300 300-500 

EDW (calve liquid manure) 0-18 - 0-5.8 6.7-33 0.34-3.1 
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Y. Zhao et al., 2015). E.g. in the research of Zhao et al., air temperature ranged between 6 and 23 °C, and 2 of 

the 4 tested species died off in colder months. Covered/indoor systems are mostly found in temperate and 

colder regions, as a buffer for seasonal climatic variations. A pioneering example is the ECOFERM in Uddel, 

Netherlands. Here, an area of 4400 m2 on top of a calf stable was installed for duckweed (Lemna + Spirodela 

sp.) growth under transparent polycarbonate plates (K. Kroes et al., 2016).  

 

 

A second classification can be seen in the set-up or design of the pond system. Single pond systems, as a batch 

or continuous reactor, were used in experiments on a larger scale, e.g. in India, North Carolina & Florida (see 

Figure 6.11) (Chakrabarti et al., 2018; J. Cheng et al., 2002; DeBusk et al., 1995). Other systems consist of 

multiple ponds, or equivalently one basin with clear separations (Mohedano et al., 2012; Y. Zhao et al., 2015). 

 

Duckweed can also be incorporated in a constructed wetland system. In the constructed wetland designed by 

Meers et al. (2008), Lemna minor was incorporated in the floating plant ponds together with other hydrophytes. 

The large advantage of such pleustophytes is that they can be harvested during the whole growing season in a 

continuous and mechanized manned (E. Meers et al., 2008). Besides, duckweed plants can provide additional 

surface area in these wetlands for bacterial growth, which are responsible for biological (aerobic) carbon 

degradation and/or removal, thus reducing the COD level. Duckweed’s roots and lower frond surfaces can 

provide the necessary oxygen at microlevel to the microorganisms within the biofilm (Adhikari et al., 2015; 

Körner, Vermaat, & Veenstra, 2003b). Good N, P and COD removal results can be achieved, thus duckweed-

based constructed wetlands could offer a very low-cost wetland system, since seeding and harvesting is easier 

in comparison with emerging plant species (Adhikari et al., 2015). 

 

Concerning duckweed specie choice, different authors advocate for combining different species to improve 

production and nutrient removal. Species diversity could improve the spatial constitution of the duckweed mat, 

covering a thicker layer of the water surface, with a resulting higher nutrient removal and biomass production 

(Culley & Epps, 1973). Duckweed in mixture (L. minor and La. punctata) also had higher nutrient removal 

efficiency and starch production on swine wastewater, as well as higher biomass production (resp. +17.0% and 

+ 39.8%) (Z. Zhao et al., 2014). Mixed cultures/polycultures were also found to have higher microbial activity 

than in monocultures in heavy-metal contaminated solutions, altering carbon use pattern and increasing 

duckweed growth (Z. Zhao et al., 2018). 

 

To grow duckweed on (swine) wastewaters, nutrient supply should be adjusted to allow duckweed growth, 

most often done through dilution (Bergmann et al., 2000a; Xu & Shen, 2011). Special attention should be paid 

to ammonium (NH4
+) levels to avoid toxicity (Körner et al., 2001; Wang et al., 2014). The percentage of 

Figure 6.11: Left: A single, cement duckweed pond in open air in India (Chakrabarti et al., 2018); Right: a covered duckweed 

cultivation pond at the ECOFERM in the Netherlands (K. Kroes et al., 2016). 
. 
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dilution will have significant effects on growth rates and on nutrient removal rates (Adhikari et al., 2015; Xu 

& Shen, 2011).  

6.2.3.2.4. Performance indicators 

 

It is important to make a clear difference between nutrient removal and nutrient recovery. Nutrient recovery 

means that nutrients are not lost but recovered in produced biomass. Nutrient removal on the other hand also 

includes other processes, like gaseous losses and microbial metabolization, and is essentially the difference 

between influent and effluent concentrations. In practical situations, the removal rate can be more than double 

the recovery rate (Y. Zhao et al., 2015). (Y. Zhao et al., 2015). In the light of circular economy, nutrient 

recovery is the most interesting. A brief overview on the performance of duckweed-based nutrient recovery 

and wastewater treatment system is given in Table 6.12. 

 

Nitrogen removal occurs through various paths in these systems, the share of removal being depends on the 

initial nitrogen concentration (Körner et al., 2003a). The different paths include: incorporation by duckweed 

biomass, uptake by biofilms (algae and bacteria) on duckweed and wall surfaces, nitrification-denitrification 

by the same biofilms, sedimentation and volatilization (Körner et al., 2003a; Zimmo, Van Der Steen, & Gijzen, 

2004). Phosphorus removal occurs through similar paths excluding the gaseous loss processes (Körner et al., 

2003a). High total TN and TP removal rates of resp. 98.3% and 94.5% were achieved for a series of two 

duckweed ponds in a Brazilian swine wastewater system with a local Landoltia punctata strain, stressing 

duckweed’s potential for incorporation in such systems (Mohedano et al. 2012).  

 

Duckweed has so far not been tested to grow on effluent of 

biological treatment installations. Recently, a research was 

published on the N removal capacity of different duckweed 

species (incl. Lemna minor) grown on secondary effluent of 

swine wastewater collected during the activated sludge process 

(Toyama, Hanaoka, Tanaka, Morikawa, & Mori, 2018). 

However, the effluent from this system was still very high in 

ammonium, probably because it was sourced from the aerobic 

stage. This makes comparison with low-ammonium effluent 

precarious, obtained after passage through the nitrification-

denitrification tanks as commonly installed in Flanders.  

 

Table 6.12: A brief overview of the performance of different experiments executed with different species and strains of duckweed. Note however 

that experimental conditions are often not comparable (temperature, lighting, used agricultural wastewater etc.). For these, see the respective 

references in the last column. TN = Total Nitrogen, TP = Total Phosphorus. OD = Outdoor, GH = Greenhouse, IV = in vitro/lab. 

Specie Recovery rate  

[g m-2 d-1] 

Removal rate  

[g m-2 d-1] 

Biomass yield 

[g DW m-2 d-1] 

Location Duration 

 TN TP  TN TP     

L. japonica 0.31 0.085 0.66 0.089 6.1 OD Year 

La. punctata 0.24 0.044 0.52 0.065 5.0 OD Year 

L. minor 0.21-0.85 0.077-0.24 0.48-2.11 0.18-0.59 4.3-28.5 OD 42 d 

L. minor 3.36 0.20 - - 28.6 IV 22 d 

L. minor - - 0.11 0.022 0.67 GH 12 d 

La. punctata 1.2 0.47 2.89 0.36 8.3-18 OD Year 

L. obscura 0.02-0.09 0.005-0.02 0.4-0.5 0.08-0.1 0.7-2.1 OD 14-21 d 

L. minor 0.06 0.02 0.82 0.06 - OD Year 

La. Punctata 4.5-8.9 0.21-1.2 - - 1.33 IV 21 d 

L. japonica 0.39 0.090 0.65 0.097 5-9.5 OD  Year 
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6.2.4. Duckweed as feed material  

6.2.4.1. Introduction 

 

Duckweed production as feed material can be regarded as a beneficial side-effect of wastewater treatment 

since purification implies nutrient uptake and thus growth. However, it could also be a goal in se, as a novel 

protein crop in controlled/farmed conditions, that requires (valuable) inputs like e.g. artificial light (Compeer, 

2017; Körner et al., 2003a; Skillicorn et al., 1993; Yin et al., 2015). Culley & Epps mentioned already in 1973 

about planned tests to check feasibility of replacing SBM by duckweed in swine ration. According to Skillicorn 

et al. (1993), dried duckweed can indeed form an excellent substitute for soybean meal and fish meal. When 

grown on nutrient-rich wastewaters, nutritional value (e.g. crude protein content) generally changes for the 

better (Culley & Epps, 1973; Rusoff et al., 1980; Y. Zhao et al., 2015). Furthermore, Lemna minor would 

produce more and nutrient-denser biomass on a rich organic manure medium than on a rich inorganic fertilizer 

medium (Chakrabarti et al., 2018). Caution should be taken with accumulation of toxic compounds though, 

e.g. heavy metals and insecticides. 

6.2.4.2. Nutritional value 

 

Duckweed contains ± 92-95% water, with older cultures covering highest water contents in this interval (E 

Landolt & Kandeler, 1987; Rusoff et al., 1980). Crude protein content ranges from 7 to 40% on a dry matter 

basis, is higher when grown on nutrient-rich (waste)waters and can go up to 45% if managed under ideal 

conditions (Culley & Epps, 1973; Rusoff et al., 1980; Schreuder & De Visser, 2014; Skillicorn et al., 1993; 

van Krimpen et al., 2013; Y. Zhao et al., 2015). Though crude protein and amino acid content is thus certainly 

dependent on the growth medium, there is also a specie variation, which might be linked to its growth potential 

on that specific medium (Y. Zhao et al., 2015). Ash/mineral content is rather high, at 14-17% but can be 

reduced to below this interval by frequent harvesting (Rusoff et al., 1980). Duckweed contains very few fibers 

since no structural tissue for support is needed. Crude fiber content ranges between 9-11% (Rusoff et al., 1980) 

or even broader between of 5-15% (Skillicorn et al., 1993), and ranges are strongly dependent on the nutrient 

status of the water (Hasan, M.R. and Chakrabarti, 2009). Besides, the protein content can be strongly affected 

by its harvest date and growing location (J. J. Cheng & Stomp, 2009; I. E. Hoving et al., 2012). Hasan and 

Chakrabarti (2009) extend this statement: nutritional content of duckweed is probably more dependent on the 

mineral concentrations of the growth medium than on the species or their geographic location.  

 

Duckweed protein also has a favorable amino acid (AA) profile, containing all essential amino acids (Rusoff 

et al., 1980). It contains more lysine and methionine (both essential AAs) than most other plant proteins, 

making it more adequate for animal protein supply (Skillicorn et al., 1993). Lysine content is high in duckweed, 

and low in grains, making it a good addition to a grain-based diet (Rusoff et al., 1980). It is specifically this 

essential amino acid that is first limited in current pig nutrition, and second for poultry (Pettigrew, Soltwedel, 

Miguel, & Palacios, n.d.). However, only methionine levels would be insufficient to meet FAO standards, and 

lower than in e.g. corn or rice (see Table 6.13) (Chakrabarti et al., 2018; Rusoff et al., 1980). L. minor is also 

high in non-essential, though important amino acids like arginine and in non-proteogenic amino acids, overall 

enhancing its nutritional value (Chakrabarti et al., 2018). Also its pigment content, notably beta carotene and 

xanthophyll, is high, thus being a valuable addition to poultry and other animal diets (Skillicorn et al., 1993).  

 

Lipids in L. minor tissue accounted for 8.5% of the dry weight and were higher on an organic than on an 

inorganic solution (Chakrabarti et al., 2018). They consisted for 60-63% of poly-unsaturated fatty acids 

(PUFAs), notably α-linolenic acid (LNA; 41-47%) and linoleic acid (LA, 17-18%), both higher in manure-

grown duckweed (Chakrabarti et al., 2018). Saturated FAs all together accounted for 23-26% of the lipid 

content. The level of n3 FAs resulted in a favorable n6/n3 ratio, turning duckweed into a good lipid provider 

for various heterotrophs (Klaus J. Appenroth et al., 2017). 
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6.2.4.3. Bottlenecks 

 

Despite duckweed’s many favorable characteristics, its application gets confronted with several bottlenecks, the most notorious being its high water content and its 

tendency of high (toxic compound) accumulation. These are summarized in Table 6.14, with their respective references. Effluent from biological treatment also could 

contain significant amounts of various heavy metals, however they remain (far) below strongly growth inhibiting concentrations to duckweed (see Appendix Table 3) 

(Zayed, Gowthaman, & Terry, 1998). After accretion/accumulation further toxic effects when feeding duckweed may cause harm to the animals or result in toxic levels 

in the final animal products (van der Spiegel, Noordam, & van der Fels-Klerx, 2013; Zayed et al., 1998). In general, authors point out the need for more knowledge 

gathering on their presence and toxicity to further solidify conclusions on safety and adequacy for feeding (Gwaze & Mwale, 2015; Moss, 1999; van der Spiegel et al., 

2013). 

 

Table 6.13: General crude protein (CP; N*6.25) and amino acid content (%CP) in Lemna minor grown on an organic manure solution (LmOM), fresh duckweed in general, duckweed protein 

concentrate (DPC, average over 4 species), and in soybean meal (SBM), compared to the FAO reference pattern (1973). Expressed in g/100g protein, equivalent to protein content on DW basis (%). 

Product CP (%) Lys Met Ile Leu Phe Thr Val Source 

LmOM 36.07 2.7 0.86 2.0 4.1 2.6 1.9 2.7 (Chakrabarti et al., 2018) 

DuW 29.1 3.9 0.8 3.6 6.6 4.1 3.1 4.3 (Heuzé & Tran, 2015) 

DPC 37.5-44.7 4.0 0.9 3.6 6.7 4.2 3.1 0.9 (Rusoff et al., 1980) 

SBM 51.8 6.1 1.4 4.6 7.5 5.0 3.9 4.8 (Heuzé, Tran, & Kaushik, 2017)  

FAO - 4.2 2.2 3.6 4.8 2.8 2.8 4.2 (FAO & WHO, 1973) 

Table 6.14: Resuming table on some of the most important bottlenecks for duckweed as feed use. References, where more in-depth information and examples are to be found, are displayed in the last 

column.  

Bottleneck Negative consequences Reference 

High water content Transportation, conservation, drying 

costs 

(Goopy & Murray, 2003; I. E. Hoving, Schooten, Holshof, Houwelingen, & Geest, 2011; R. 

A. Leng et al., 1995; Schreuder & De Visser, 2014; Skillicorn et al., 1993) 

Heavy metals Health issues at high concentrations (Culley & Epps, 1973; Goopy & Murray, 2003; Naumann et al., 2007; van Krimpen et al., 

2013; Zayed et al., 1998) 

(Blue-green) Algae Toxic for animal feeding (Culley & Epps, 1973; K. Kroes et al., 2016). 

Anti-nutritional factors 

(ANFs) 

Lower feed conversion (Goopy & Murray, 2003; E Landolt & Kandeler, 1987; Mazen, Zhang, & Franceschi, 2004; 

van der Spiegel et al., 2013; van Krimpen et al., 2013) 

Pathogens Cross-contamination, disease outbreak (Culley & Epps, 1973; I. E. E. Hoving, Van Schooten, Holshof, Van Houwelingen, & van de 

Geest, 2011; K. Kroes et al., 2016; Skillicorn et al., 1993; van Krimpen et al., 2013) 

Insect larvae Feed contamination (Culley & Epps, 1973) 
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7. Material & Methods 
 

In total, 5 experiments were conducted with increasing complexity, being chronologically: 

1. Experiment 1: Growth medium experiment 

2. Experiment 2: Growth recovery experiment 

3. Experiment 3: Salinity (NaCl) experiment 1 

4. Experiment 4: Salinity (NaCl) experiment 1 (repeated) 

5. Experiment 5: Salinity (NaCl + Na2SO4 + K2SO4) experiment 2 

 

 Experimental design 

7.1.1. Set-up 

 

Duckweed growth experiments were executed in trays (0.266 x 0.165 x 0.119 m3) on a growth rack. The 

PET-containers used were opaque, as to avoid light penetration through the walls and thus inhibit algae 

growth (Monette et al., 2006). Total tray volume was 5.2 L and surface area was 438.9 cm2. The growth 

rack consisted of two operative levels. Each level could accommodate 10 containers (see Figure 7.1), 

adding up to a total of maximally 20 containers per experiment. At the start of the experiments, 

containers were placed randomly (experiment 1 & 2) or as one treatment container per horizontal row 

for experiment 3-5. The first two experiments lasted for 1 week, the last 3 took 2 weeks (see Table 7.1). 

 

Plant material was sourced from a local pond in Ghent, Belgium and from INAGRO (Innovation Center 

in Agri- and Horticulutre) in Rumbeke-Beitem, Belgium (experiment 1). Visual determination according 

to Van Landuyt (2007) clarified that the majority of duckweed plants belonged to the Lemna minor 

specie, as desired. Minor contamination with Spirodela polyrhiza and Lemna gibba could not be avoided 

but was considered irrelevant seen the scale of the experiments. 

Light intensity (PPFD, or photosynthetic photon flux density) was between ± 70-150 µmol m-2 s-1 and 

was measured at the respective duckweed mat level in the trays, in the corners and the center of each 

Figure 7.1: Top view of one growth level of the growth rack on which 10 PET-trays are positioned. Symmetry is indicated by 

the light-grey dotted lines. Yellow bars show the position of the TL-lights. Black dots show the center of each tray, the point in 

which light intensity was measured. 
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tray. Intensities in this range are commonly retrieved in literature (Chang et al., 2012; Keppeler, 2009; 

E Landolt & Kandeler, 1987; C. Liu et al., 2017; Mccann, 2016; Naumann et al., 2007; Radić & Pevalek-

Kozlina, 2010; Sikorski et al., 2013; Sree et al., 2015; Z. Zhao et al., 2014). Light was provided by 4 x 

2 parallel TL-light (TLD T8 18W, Philips, Netherlands) per level, for maximally symmetric and equal 

light distribution. The wide intensity interval can be contributed to the position of the tray relative to the 

light sources (e.g. center vs. side tray) and to undeliberate reflection. The light sensor (PAR Quantum 

Sensor, Skye, UK) showed to be sensitive to e.g. measurement angle and reflection of moving proximate 

objects (e.g. person, clouds), thus results should not be over-quantified. To control irradiation through 

rotation (see infra), light intensities in the center of the trays were taken as representative point. The 

light:dark regime was 16:8 h, the dark hours falling between 22h-6h (Driever et al., 2005; C. Liu et al., 

2017; Radić & Pevalek-Kozlina, 2010; Sikorski et al., 2013; Z. Zhao et al., 2014).  

 

Room temperature was periodically monitored and was 23 ± 2 °C. Since experiments were conducted 

in a laboratory space but not in growth chambers, external influences were unavoidable. Nevertheless, 

fluctuations were modest due to the building’s temperature regulation and ventilation. Temperature was 

in the same range as a multitude of duckweed researches (Chang et al., 2012; C. Liu et al., 2017; Sikorski 

et al., 2013; Sree et al., 2015; Z. Zhao et al., 2014).  

 

Inoculated stand density of the L. minor plants was determined according to Frédéric et al. (2006). Since 

the overall goal is to obtain maximal biomass production, rather than maximal RGR, relatively high 

initial densities D0 were inoculated. The results from this paper were taken as a guideline: 30 g FW was 

inoculated in Experiment 1, 3, 4 and 5 and 40 g FW in Experiment 2. These also ensured a total coverage 

of the water surface with at least a single frond layer against (micro)algae growth (Goopy & Murray, 

2003; Monette et al., 2006; Skillicorn et al., 1993; Yin et al., 2015). Except for experiment 5, always the 

same initial FW density was inoculated in week 2. 

 

To compensate for asymmetry in lighting, a rotation scheme for each experiment was designed. Initially, 

trays were randomly rotated every day and positions recorded. For the last three experiments a 5-period 

rotation was applied to keep each container in each row the same time on each position. Besides, water 

level was weight-adjusted at every rotation to compensate for evaporation, solution mixing and to 

counter possible heat effects (Monette et al., 2006; Skillicorn et al., 1993).  

 

Relative growth rate or RGR, a useful parameter that can be compared between different experimental 

set-ups, is based on a growth parameter, like a plant weight increment (in FW or DW), frond number/size 

and so on (E Landolt & Kandeler, 1987; Ziegler et al., 2015). Here, relative growth rate was calculated 

based on dry weight, denominated RDWGR. It can be calculated as follows (E Landolt & Kandeler, 

1987; Naumann et al., 2007; OECD, 2002; Sree et al., 2015; Wang et al., 2014; Ziegler et al., 2015): 

 

RDWGR = 
𝑙𝑛𝐷𝑊1−𝑙𝑛𝐷𝑊2

𝑡2−𝑡1
 [g g-1 d-1] or [d-1] 

 

In this case, RGR is deduced from following exponential growth equation in ideal growth conditions. 

 

DW2 = DW1 * eRDWGR*t [g] 

 

Growth rate (GR) is a parameter that is more used in practical, less fundamental researches. It was 

measured as (Z. Zhao et al., 2014) 

GR = 
𝐷𝑊𝑔𝑎𝑖𝑛

𝑎𝑟𝑒𝑎∗𝑡𝑖𝑚𝑒
 [g m-2 d-1] 
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Protein yield is the amount of protein, contained in the biomass produced on top of the inoculated DW 

biomass, that can be harvested: Protein Yield = GR*(crude protein content in harvested biomass). 

Crude protein content of fronds was calculated as (Beevers, 1976): CP = TKN*6.25. 

 

Nutrient uptake/recovery rates were calculated considering the dry weight gain as well as the change 

in nutrient content in the biomass. 

For nitrogen in week 2 this becomes:    N recovery = TKN2*DW2 – TKN1*DW1 

For phosphorus:     P recovery = TP2*DW2 – TP1*DW1. 

For sulfur:      S recovery = TS2*DW2 – TS1*DW1 

TKN, TP and TS stand resp. for Total Kjeldahl Nitrogen, Total Phosphorus and Total Sulfur. 

 

In case the experiment was executed over 2 weeks (see Table 7.1), the first week was considered as an 

‘acclimation period’: duckweed needs some time to acclimate/steadily grow on a new medium (J. J. 

Cheng & Stomp, 2009; DeBusk et al., 1995; Monette et al., 2006; Radić & Pevalek-Kozlina, 2010; Sree 

et al., 2015; Toyama et al., 2018). This is equivalent to the ‘lag phase’ in growth curves (A. Lüönd, 

1980). Or, a certain time buffer needs to be built in to avoid biased results due to prior cultivation 

conditions. After week 1, all duckweed was separately harvested with a small landing net and FW was 

determined (see infra). If FW growth was small or close to 30 g, so that practically no intermediate 

analyses (DW & chlorophyll) could be done, the experiment was not prolonged for those treatments. 

For week 2, identical test solutions were prepared, and again 30g of fresh material was inoculated. What 

was more than 30g, was used for DW and chlorophyll determination at t1. Only in S5 of experiment 5, 

a second was installed with 20 g FW, despite low FW gains in week 1. 

7.1.2. Treatments 

7.1.2.1.1. General 

 Pre-cultivation, if executed (see Table 7.1), was done in 2 large, opaque PET-containers (0.396 m2) for 

1-2 weeks on full strength N medium. From experiment 4 onwards, lights above the containers were 

installed to maximally simulate the test conditions of the growth rack, as recommended by ISO and 

OECD guidelines (Naumann et al., 2007; OECD, 2002). 

Table 7.1: General overview of some important parameters of the conducted experiments. A high level view on the difference 

in treatments is given by the columns with salt molecules. D0 = initial FW inoculated.  

Exp. Duration Pre-cult +NaCl +Na2SO4 +K2SO4 D0 Note 

1 1 week No - - - 30  Failed 

2 1 week No - - - 40  

3 2 weeks Yes Yes - - 30 Repeated 

4 2 weeks Yes Yes - - 30  

5 2 weeks Yes Yes Yes Yes 30  
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The reference nutrient medium, which is also 

the basis for modified media in the salt 

experiments (3, 4 & 5), is the N medium as 

described by ISCDRA (International 

Steering Committee for Duckweed Research 

and Application) (2015). The reference 

article for this medium was written by 

Appenroth, Teller, & Horn (1996) and these 

experienced researchers state that they “never 

found nutrient media that supported a faster 

growth of duckweed than this one”. The 

medium was not autoclaved and thus not aseptic nor axenic (Keppeler, 2009). The N medium was 

prepared as concentrated stock solutions (see Table 7.2), of which 5 mL was taken for each liter of 

growth solution. 

7.1.2.1.2. Experiment 1: Growth medium 

In the first experiment, it was tested if Lemna minor could grow on different undiluted, pure agricultural 

waste streams (biological treatment – aerobic phase, biological treatment – anaerobic phase, constructed 

wetland). A control (N medium) and blank solution were also included in the design. pH of the N 

medium was adjusted to 6 with 0.1 M NaOH. Duckweed was obtained from a pond at INAGRO and 

kept in the laboratory in ¼ N medium for 10 days before starting the experiment.  

Before inoculation, fresh duckweed material was washed once with 1:10 diluted bleaching water for one 

minute, to obtain a culture with reduced presence of bacteria, algae and other organisms (E Landolt & 

Kandeler, 1987; Monette et al., 2006). Next, bleached cultures were washed three times with tap water. 

Digital image analysis was performed with ImageJ, in which RGB histograms were processed for a 

designated duckweed area in a petri dish on the image. Average green values were used for comparison. 

Results were not considered useful for further evaluation and discussion. 

7.1.2.1.3. Experiment 2: Growth recovery 

Herein, due to the failure of previous experiment, it was tested if duckweed was sensitive to the time it 

was out of water and/or transported. To this end, duckweed was sourced from a nearby pond and 

subjected to six treatments, being the combinations of a storage treatment (out of water in a landing 

net/dripped vs. kept in pond water in a bucket/soaked) and a time treatment (30 min., 1 hour & 2 hours). 

All plants were grown on 100% N medium (pH adjusted to 6) for 1 week. FW and DW were determined 

before and after, as well as pH and EC.  

7.1.2.1.4. Experiment 3 to 5: Salinity 

For the salt experiments, the goal was to test growth potential, protein production and nutrient recovery 

by duckweed when subjected to different salt treatments, related to biological effluent. Experiment 3 

and 4 (repeated) included only NaCl as externally added salt, whereas Experiment 5 approached salt 

composition of biological effluent more by adding K- and SO4-salts (see Table 7.3). pH was again 

NaOH-corrected to 6. Water and biomass samples were taken before inoculation (t0), at week 1 (t1) and 

at the end of week 2 (t2). 

 

All duckweed was subjected to a pre-treatment period, but it was from Experiment 4 on that this was 

possible to execute with artificial rather than natural (sun) irradiation. This way, it was attempted to 

Table 7.2: Composition of the N medium (ISCDRA, 2015). 

Stock nr. Compound Concentration 

1 KH2PO4 1 mM 

2 Ca(NO3)2 1 mM 

3 KNO3 8 mM 

 H3BO3 5 μM 

 MnCl2.4H2O 13 μM 

 Na2MoO4.2H2O 0.4 μM 

 MgSO4.7H2O 1 mM 

4 FeNaEDTA 25 μM  
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inoculate at t0 well-adapted and most of all vital, vigorous duckweed plants. Results of Experiment 3 

suggested low vitality of the start material, which is the reason this important experiment was repeated.  

 

In Experiment 3 and 4, salt addition was based on electrical conductivity values, a quickly measurable, 

practical parameter that is constituted both by the N medium’s ions and the added NaCl ions (Simmons, 

2012). For experiment 5, treatment solutions were designed in such a manner that Na+ ions were equal 

to those of experiments 3 and 4 (see Table 7.3). However, sulfate salts were added up to a molar SO4
2-

/Cl- ratio of 0.25, a value obtained from unpublished results on biological effluent composition from 

IVACO (see Table 7.3). Hence, here the concentrations are central, not the conductivities. Resuming: 

part of the chloride was replaced by sulfate, Na contents were the same as in previous experiments, and 

also some extra K was added in the form of K2SO4. Note the higher conductivities for salt experiment 

5, which can be attributed to higher molar conductivities of K+ and SO4
2-. 

 

As an exception, the S5 treatment of experiment 5 was prolonged to a second week despite 2 of the 4 

containers produced less than 30g FW. Only 20g was inoculated for all four containers in the 2nd week. 

 

 Analytical methods 

7.2.1. Plant FW and DW determination 

Harvested duckweed material was measured both in terms of fresh (FW) and dry weight (DW). First, 

harvested fresh plant material was drip-dried for 5 minutes in the landing net, until practically no water 

was released from the mass (Monette et al., 2006; Yin et al., 2015). Hereafter, the duckweed mass in the 

net was dried 2 times with 5-folded paper towel for approx. 10 min. more (Bergmann et al., 2000a; Xu, 

Cui, Cheng, & Stomp, 2011; Xu & Shen, 2011). Afterwards, the duckweed pack was transferred from 

the nets to aluminum cups and weighed on a balance (LA 320P, Sartorius Lab Instruments, Germany). 

Once the FW was determined and biomass for chlorophyll determination was separated, the samples in 

the aluminum cups were put in drying oven, at low temperature (45-80 °C) (J. Cheng et al., 2002; Harvey 

et al., 1973; Monette et al., 2006). Temperature was submissive to practical feasibility/availability, and 

drying duration was until no further weight reduction was observed, usually 3-5 days (Bergmann et al., 

2000a).  

Table 7.3: Salt concentrations added to the N medium in experiment 3, 4 and 5, the latter in which Na+, K+, Cl- and SO4
2- 

were added in a molar ratio of 5:1:4:1. Note that the N medium itself also contained some of these salt ions and that pH 

was adjusted with NaOH, hence extra adding a very small quantity of Na+ to these treatments. EC values were temperature-

corrected, and the interval gives the maximal range of measured values (at t0 of t1 of each experiment). (C) means this 

treatment serves as reference treatment. 

n° Trt. name NaCl (mM) Na2SO4 (mM) K2SO4 (mM) EC (mS cm-1) 

1 EC1.5 (C) 0.00 - - 1.50-1.62 

2 EC3.5 18.0 - - 3.50-3.57 

3 EC5.0 32.0 - - 4.96-5.05 

4 EC6.5 46.6 - - 6.51-6.65 

5 EC8.0 60.9 - - 7.99-8.01 

1 S1 (C) 0.00 0.00 0.00 1.81 

2 S2 14.4 1.80 1.80 4.18-4.36 

3 S3 25.6 3.20 3.20 6.25-6.44 

4 S4 37.3 4.66 4.66 8.18-8.43 

5 S5 48.7 6.09 6.09 10.1-10.3 
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7.2.2. Plant Chlorophyll content 

To asses oxidative damage in the salt treatments, chlorophyll content was measured as an indicator (K. 

J. Appenroth, Krech, Keresztes, Fischer, & Koloczek, 2010; Chang et al., 2012; Keppeler, 2009; 

Simmons, 2012). Since such determination wasn’t done yet on duckweed at the research department, 

two different methods were first assessed across Experiment 3 and 4. The first one is an acetone 

extraction method, a standard method commonly applied at the Department of Plant & Crops (UGent) 

(Arnon, 1949; Lichtenthaler, 1987). Approximately 150 mg of fresh duckweed plant material was 

freeze-ground with liquid nitrogen, transferred in an 80% acetone solution and stored 24 hours in a 

fridge. The next day, centrifugation (Centrifuge 5804 R, Eppendorf, Belgium) at 2790 rpm for 10 

minutes was done and the supernatant was transferred to a cuvet for spectrophotometry (Uvikon XL, 

Biotek Instruments, USA). Chlorophyll contents (on FW basis) were then calculated according to 

following equations. 

 

Ca = 12.25*A663.2 – 2.79*A646.8 

Cb = 21.5*A646.8 – 5.1*A663.2 

 

The second method tested was an ethanol extraction, as used in Liu et al. (2018, 2017), based on a article 

from Huang, F., Guo, Z., Xu, Z. (2007), specifically for a Lemna specie. 0.8g FW was transferred into 

40 mL of a 95% ethanol solution, stored for 5 days in the dark, then identically centrifuged as above and 

spectrophotometrically measured to obtain chlorophyll contents. 

 

Ca = 12.72*A663 – 2.69*A645 

Cb = 22.90*A645 – 4.68*A663 

 

For both methods, total chlorophyll was calculated as: Ctot = Ca + Cb. 

Comparison of results at t0 of experiment 4 resulted in a preference for the second method. 

 

Furthermore, fresh weight determination prior to chlorophyll content was done on purpose differently 

than for the other (larger) samples. Fronds were tap-dried on sufficient paper towel until no more 

moisture was released (Ziegler et al., 2015). This was feasible thanks to the small amounts and offered 

interesting comparison between the two fresh weight determination methods (see Figure 8.5). 

7.2.3. Plant N, P and S Determination 

Nitrogen analysis in the plant material was done via a 3-step modified Kjeldahl method: digestion, 

distillation and titration. On a balance 0.1 g of dried plant material was weighed in a Kjeldahl digestion 

tube, to which 7 mL H2SO4-salicylic acid, 0.5 g Na2SO3, 5 mL concentrated H2SO4, 0.2 g Selenium-

catalyst mixture, 4 mL H2O2 and 5 mL H2O were added. On a heating block with a vapor trap 

temperature was ramped to 380 °C, until a clear solution was obtained after 1-2 hours. To this digestate, 

30 mL distilled water was added. Each tube was consequently placed in the automated steam distiller 

(Vapodest, Gerhardt, Germany), where after alkalization with NaOH the NH4
+ was over-distilled to a 

H3BO3-inidicator solution (20 mL). Finally, the catch H3BO3-inidicator solution was titrated with 0.01 

M HCl while magnetically stirring until a color change from green to pink was observed. Total Kjeldahl 

Nitrogen values were also used to calculate the crude protein content of the fronds (see supra) 

 

For plant phosphorus and sulfur content, plant material was first microwave digested (Mars 6 240/50, 

CEM, USA). If still enough available, 0.3 g of dried duckweed sample was transferred to a microwave 

digestion tube, to which 8 mL 65% HNO3 was added. Tubes were placed for 30 minutes in a sonicator 
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(Sonorex, Bandelin, Germany), after which they were tightly closed and loaded in the microwave 

carousel. After the pre-set plant digestion program, samples were quantitatively transferred to flasks for 

storage and diluted with 2% HNO3 up to 50 mL. This method has the advantage of retaining sulfur 

compounds, otherwise released in a muffle furnace. Next, samples were accordingly diluted prior to 

elemental determination in inductively coupled plasma-optical emission spectrometry (Vista-MPX, 

Varian Inc., USA).  

7.2.4. Water pH and EC measurement 

pH was measured with an Orion Star A211 (Thermo Fischer Scientific, USA) pH meter, calibrated with 

pH 4, 7 and 10 calibration solutions. Temperature was automatically corrected for 20 °C. 

 

Conductivity is highly dependent on the temperature of the solution, with 25 °C as a commonly used 

reference. Or the solutions were heated to 25 °C at which measurement was done, or the output of the 

LF 537 conductivity meter (WTW, Germany) was linearly corrected for temperature via 

 

EC = [ 1 + a*(T – 25)]*EC25  EC25 = EC/[1 + a*(T – 25)]. 

 

in which the temperature coefficient a was chosen at 0.02125 (HACH, 2015). Hence, conductivity is 

expected to increase with ± 2% when temperature increases with 1 °C within a certain range. This 

correction method was found to more practical, therefore mostly applied. 

7.2.5. Water N, P and S Determination 

Nitrate was analyzed via ion chromatography (761 Compact Ion Chromatograph, Metrohm, 

Switzerland), preceded by 0.45 µm syringe filtration and dilution. Total P and S were analyzed via ICP-

OES analysis (see supra), preceded by a hot plate destruction with HNO3 and H2O2 and dilution. 

Results were mostly skewed and unrealistic, thus not further used, unfortunately 

 

 Statistics 
Normality assumption was assessed graphically via quantile-quantile plots, and numerically via the 

Shapiro-Wilk test. Homoscedasticity was tested visually via boxplots and numerically via the Levene’s 

test. If both conditions were met, analysis could be proceeded via parametric analyses, notably ANOVA, 

Tukey’s HSD test and Welch’s t-tests. In case only one or both were violated, adapted statistical tests 

were used for these non-parametric distributions. If only the homoscedasticity assumption was violated, 

Welch’s ANOVA was performed. In case standard deviations did not differ too much, a (pairwise) 

Welch’s t-test was further applied with p-adjustment. For non-normal distributions, the Kruskal-Wallis 

test was used as non-parametric alternative for the ANOVA test. Consequently, post-hoc Dunn’s test 

was used for multiple comparison if treatment averages were considered significantly different, instead 

of Tukey HSD for normally distributed data. To control the false discovery rate (FDR), the Benjamini-

Hochberg (BH) p-correction method was applied in these multiple comparison tests. Two-way ANOVA 

was applied for data of Experiment 2, where 2 treatment factors were considered (storage and time 

treatment, see supra). In all other cases, one-way ANOVA was used to investigate the effect of the 

different (salt) treatments on various parameters. For comparison of the same treatment between the two 

weeks, a paired t-test was used. In case the difference of these was non-normal, Wilcoxon’s test (or 

Mann-Whitney-U test) was used, BH corrected. Forward model selection was applied to investigate the 

best linear regression between parameters. For all analyses, a significance value of p < 0.05 was used, 

and in most cases sample size n = 4. All data were processed in R 3.5.2, whereas data organization and 

Figure generation were executed in Excel 2017. 
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8. Results 
This chapter presents the main findings & figures of the research executed in the framework of this 

master dissertation. More figures & tables are to be found in 12. Appendix. Notice that for most graphs 

Na+ is the independent variable, since this was deliberately kept constant for corresponding treatments 

in experiment 3, 4 and 5. Total added salt (ion) concentrations can easily be derived here from and are 

retrieved in Table 7.3 

 

 Growth recovery 
 

Relative growth rate, based on dry weight (hence RDWGR), gave a significant storage treatment effect 

for both 30 min. and 1 hour until inoculation (see Figure 8.1). Besides, duckweed showed significantly 

higher RDWGR when it was seeded after 30 minutes than when left longer in the pond water-filled 

bucket.  

 

Absolute growth rates, which are not (natural) logarithmically transformed, were in the range of 2.3-3.1 

g DW m-2 d-1 (see Appendix Figure 1). Except for a significantly higher RDWGR for the soak treatment 

at 30 min until inoculation, no other significant differences were found. However, when soaked and 

transferred to the N medium after 30 minutes, the growth rate was almost significantly higher than when 

kept for 1 hour in the pond water solution in the bucket (p = 0.077).  

 

For the dry weight content (DW%; not shown) of the fronds, no significant differences at all were found, 

as expected. 
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Figure 8.1: Relative growth rate based on dry weight for the duckweed in Experiment 2 on growth recovery. Duckweed was 

subjected to two treatments: a time treatment, indicating how much time after harvest from the pond the plants were inoculated 

in the N medium (0.5, 1 and 2 hours), and a storage treatment, indicating how the plants were stored in the meantime (in a 

landing net – ‘Drip’, or in a bucket – ‘Soak’). Significant differences between time treatments for the same storage treatment 

are indicated by underlined numbers, whereas those between storage treatment for identical time treatments are marked with 

‘*’. Data were analyzed via a two-way ANOVA followed by pairwise interaction testing with BH correction. Significance level 

α = 0.05, n = 3 for all treatment combinations. Error bars represent standard deviations. 
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 Salt stress 

8.2.1. Oxidative damage 

In Figure 8.2A (experiment 4) and C (experiment 5) it can be observed that with increasing salt 

concentrations, chlorophyll contents of the fronds decrease. Linear resp. 2nd degree polynomial 

relationships were fitted. In both experiments and in both weeks, from the third salt treatment (resp. 

EC5.0 and S3) onwards chlorophyll contents were significantly lower than those of the fronds grown on 

the control N medium. Also, only for the third salt treatments, significant inter-week differences were 
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Figure 8.2: Chlorophyll contents of fresh fronds (A and C) as determined by the ethanol extraction method, and change in 

electrical conductivity (ECend – ECstart of week) of the growth medium after a week of growth (B and D) for experiment 4 and 5. 

Chlorophyll contents at the start of week 1 were resp. 819 and 845 µg g-1 FW. Upper case letters are used for week 1, lower 

case letters for week 2. Significant inter-treatment differences are indicated by different letters, significant inter-week 

differences for the same salt treatment are indicated with ‘*” next to the uppercase letter. Significant inter-experiment 

differences for the same week and treatment are indicated by bold letters for the higher value of the two. Dependent on 

normality and homoscedasticity of the data, different statistical methods were applied to determine inter-salt treatment 

differences within a week and inter-week differences within a treatment (one-way ANOVA + Tukey HSD, Welch’s ANOVA + 

p-adjusted pairwise t-tests, or Kruskal-Wallis + Dunn’s test). The significance level was set at α = 0.05; n = 4 for all data 

points. Error bars indicate standard deviations. Trend lines and equations were computed via Excel 2017. 
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found. Curves of subsequent weeks were close to parallel in both experiments, thus a rather time-

consistent dependency of chlorophyll content on salt concentrations can be suspected.  

 

The effect of salt concentrations on the difference in electrical conductivity of the growth solution (ECend 

of week – ECstart of week) shows an increasing trend for experiment 4 (see Figure 8.2B). Significant linear 

increases were almost for all treatments statistically confirmed (p < 0.05), as well as between the first 

and the second week. Correlation coefficients R2 of the linear fits were high (0.971-0.985). On the 

contrary, mixed trends for experiment 5 (Figure 8.2D) were observed, with a nearly constant (negative) 

EC change in week 2, and a significant temporary increase for EC3.5 in the first week. 

 

Below, a short comparison between two chlorophyll extraction (and determination) methods for 

duckweed fronds is displayed, executed at the start (t0) of experiment 4. Results are shown in Table 8.1. 

A two-sample t-test resulted in a significant difference, with the ethanol method consistently extracting 

more chlorophyll from the same duckweed sample. Since sensitivity was higher, values coincided more 

with those of literature and this method was more comfortable, the ethanol extraction method was 

preferably used for all experiments, including for the results of Figure 8.2A and C.  

 

 

 

 

 

 

 

 

 

 

 

 

Table 8.1: Chlorophyll contents of fresh fronds as determined by the acetone and 

ethanol extraction method. A simple two-sample, one-sided t-test revealed a 

significant difference between both methods (α = 0.05; n = 3). 

Chlorophyll content (µg g-1 FW) 

Acetone method Ethanol method 

734.5 813.6 

742.2 810.8 

758.2 832.5 

 744.9 ± 12.1  819.0 ± 11.9 

p = 0.008 < 0.05 
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8.2.2. Biomass production 

 

As for Figure 8.3A, experiment 3 and 4 are in se replicated experiment, but experiment 4 was initiated 

with duckweed inoculum that was ‘better’ pre-treated. It is observed that growth rates are rather distinct 

and that growth rates for experiment 4 are generally (sometimes significantly) higher. Indeed, baseline 

growth rate for the control treatments EC1.5 and S1 is similar (3.62 vs 3.96 g m-2 d-1) for experiments 4 
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Figure 8.3: Absolute growth rate in experiment 3 and 4 (A) and experiment 4 and 5 (B). Experiment 3 and 4 are replicates, in 

which NaCl was added to the N medium up to following concentrations: 0, 18.04, 31.96, 46.61 and 60.93 mM, or resp. 

treatments EC1.5 to EC8.0. In both experiments, treatment 4 (EC6.5) and 5 (EC8.0) were not prolonged to a second week 

since average FW gain was (close to) 0. In experiment 5, a combination of NaCl, Na2SO4 and K2SO4 was added in a fixed 

molar ratio of 8:1:1. Hence, only the sodium concentration is displayed on the x axis, from which the other salt concentrations 

can be deduced. Upper case letters are used for week 1, lower case letters for week 2. Significant inter-treatment differences 

are indicated by different letters, significant inter-week differences for the same salt treatment are indicated with ‘*” next to 

the uppercase letter. Significant inter-experiment differences for the same week and treatment are indicated by bold letters for 

the higher value of the two. Differences within a week were analyzed via one-way ANOVA followed by Tukey HSD Test, 

whereas pairwise differences for the same treatment between weeks were analyzed through paired t-test. Significance level 

was taken as α = 0.05; n = 4 for all data points.  
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and 5, of which duckweed was identically pre-treated. Thus, it is assumed that differences in growth 

performance can be mostly attributed to the effect of the different salt solutions in these experiments 

(see Table 7.3). Comparison of the control treatment growth rates between experiment 3 and 5 give a 

difference of ± 20%, hence also results for other treatments are expected to be less comparable. For 

these reasons, results of experiment 4 will be used more frequently for comparison with those of 

experiment 5, viewed that their duckweed inoculum was given the same pre-treatment. 

 

For experiment 4 in week 1 (Figure 8.3B), DW-based growth rate was only significantly lower for the 

fourth NaCl treatment (46.61 mM). Absolute growth rate at the highest NaCl concentration (60.93 mM) 

was not significantly different from that of the control treatment (+0 mM NaCl). 

For experiment 4 in week 2, EC3.5 and EC5.0 were almost significantly lower than the control treatment 

(p close to 0.05). There were no significant differences in growth rate between the weeks found. 

Remember that treatment 4 and 5 were not prolonged to a second week. As mentioned in 7. Material & 

Methods, this was because of stagnation/decrease in fresh weight. 

 

For experiment 5 in the 1st week, a slight but non-significant stimulation of the growth rate was found 

for the second treatment (S2). Further increase of the salt concentration decreased the growth rate, but 

a significant effect was only found for the highest salt treatment S5 (to which 48.74 mM NaCl, 6.09 mM 

Na2SO4 and 6.09 mM K2SO4 was added).  

For experiment 5 in week 2, growth rates considerably decreased in comparison to those of week 1, with 

significantly lower growth rates in week 2 (marked by ‘*’) being observed for S3, S4 and S5. For S2, 

week difference was near to significant. Addition of 37.28 mM NaCl and 4.66 mM Na2SO4 & K2SO4 

(S4) resulted in a heavy decrease of dry biomass production compared to the control treatment S1. For 

S5 this was also true, however remember that here only 20 g FW was re-inoculated. In general, growth 

rate curves of the 2nd week lie beneath those of the 1st week of growth, suggesting decrease in growth 

potential. 

 

Inter-experiment comparison of GR between treatments with the same Na+-addition and in the same 

week showed that significant differences were found in week 1 for S2, 4 and 5, only the latter resulting 

in a lower GR for experiment 5. For week 2, no significant differences were statistically proven.  

 

Additionally, below are displayed two interesting trends/observations related to biomass production. 

The first one is displayed in Figure 8.5, in which it is observed that in experiment 5 the outcomes of the 

regular dry weight determination method (DWs%) are all significantly (p < 0.05) lower than those 

obtained via the chlorophyll samples’ method (DWchl%) (see 7.2.1 Plant FW and DW determination). 

This also held true for experiment 4 (data not shown). Hence, the dry weight determination method -or 

a particular step in it, in casu the drying step- can strongly influence the DW% outcome and 

consequently other DW-based results. Besides, note that the overall the dry weight content (DW%) of 

the fronds in experiment 5 increases with increasing salt concentrations, similarly as in experiment 4 

(Figure 8.5). 
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treatments were analyzed via one-way ANOVA followed by Tukey HSD Test, whereas pairwise differences for the same 

treatment between DW% methods were analyzed through paired t-test. For week 2, Kruskal-Wallis tests and pairwise 

Wilcoxon’s tests were applied. The significance level was α = 0.05; n = 4 for all bars. Error bars indicate standard deviations. 
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Second, relative growth based on dry weight (RDWGR) and on fresh weight (RFWGR) for different 

additions of NaCl (~ experiment 4) are shown, as well as the dry weight content in percent of the FW 

(Figure 8.5). Here, a positive correlation between the DW content and the sodium concentration of the 

medium was observed. This influences the outcome of different growth parameters. RFWGR, which is 

based on fresh weight measurements, exhibits a clearly decreasing trend, from 31.96 mM NaCl (EC5.0) 

onwards. The two highest salt treatments result in significantly lower (than EC1.5) RFWGR values, of 

which many are negative. In contrast, RDWGR stays rather stable across the different NaCl additions, 

with only a significant decrease compared to the control treatment for EC6.5 (46.61 mM NaCl added). 

The slight depression at this treatment coincides with the more explicit one of GR in Figure 8.3B. 

Concluding, it seems that the dry weight-based growth parameter gets leveled because of the effect of 

the increasing dry weight content (upper, diamond-marked curve). In contrast to RDWGR, the fresh 

weight-based parameter (RFWGR) was negative for EC6.5 and EC8.0, thus these were stopped. 

 

8.2.3. Protein production 
 

To assess protein yield, it is of value to first give an idea on the crude protein (CP) contents of the dried 

fronds at the end of each week per treatment of the salt experiments. These are presented in Table 8.2. 

 

The general trend over all experiments and in both weeks is that crude protein content decreases when 

salt concentrations in the growth solution increases. In some cases, significant differences between the 

Table 8.2: Crude protein (CP) content, expressed as mass% of the DW, of the duckweed fronds after one week of growth, 

for the three conducted salt experiments and their five treatments. At the start of the experiments, dry duckweed biomass 

contained resp. 29.2, 32.6 and 31.5% CP. Crude protein content was calculated by multiplying (modified) Total Kjeldahl 

Nitrogen (TKN) by the factor 6.25. Significant differences are indicated by different letters within the week, and by ‘*’ 

between the weeks for the same treatment. Data were analyzed via one-way ANOVA, Tukey’s HSD test & paired t-test (see 

supra) if data was normally distributed (and homoscedastic). In other cases, Kruskal-Wallis tests were applied followed by 

Dunn’s test, or Welch’s ANOVA. Significance level was taken as α = 0.05, n = 4 for all data points. 

 Week 1   Week 2   

EXP3 CP (% of DW) SE  CP (% of DW) SE  

EC1.5 30.94 ± 0.48 A* 32.75 ± 0.10 a 

EC3.5 28.43 ± 1.23 B* 31.65 ± 0.68 ab 

EC5.0 27.78 ± 0.94 B* 30.88 ± 0.28 b 

EC6.5 26.80 ± 1.26 B - - - 

EC8.0 24.03 ± 1.21 C - - - 

EXP4       

EC1.5 32.88 ± 0.63 A* 30.91 ± 1.42 a 

EC3.5 29.54 ± 0.66 B 28.78 ± 0.85 ab 

EC5.0 27.78 ± 0.40 C 28.71 ± 0.87 b 

EC6.5 26.85 ± 0.44 C - - - 

EC8.0 25.11 ± 0.58  D - - - 

EXP5       

S1 32.00 ± 0.50 A* 30.28 ± 0.90 ac 

S2 32.44 ± 0.72 A 32.91 ± 0.44 b 

S3 29.87 ± 0.51 AB 30.96 ± 0.46 a 

S4 25.21 ± 1.15 B* 28.84 ± 0.18 c 

S5 22.56 ± 1.06 B* 26.47 ± 0.56 d 
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weeks were detected. Except for some treatments of experiment 4, CP contents in week 2 were generally 

higher than in week 1, and in some cases this difference was found to be statistically significant. 

These CP contents at the end of each growth week resulted in following protein yields (Figure 8.6). 

Notice that for nitrogen recovery (see infra) also the change in nitrogen content is considered over that 

week. For (crude) protein yield, only the CP content (~ nitrogen content*6.25) at the end of each week 

is considered, so the focus is solely on what can be harvested. 

 

For experiment 4, a similar negative trend between NaCl addition and protein yield was found as for the 

growth rate. This is not surprising, since protein yield is based on dry weight yield, as well as on final 

nitrogen contents.  

In week 1, a similar significant depression was found for the 46.61 mM NaCl treatment (EC6.5). 

Contrary to the growth rate, the highest NaCl solution did render a significantly lower protein yield 

compared to first treatment EC1.5.  

In week 2 a significant protein yield reduction was observed once NaCl is added to the growth solution. 

For growth rate (Figure 8.3B), this reduction was only close-to significant. However, no significant 

yield differences could be statistically proven between the weeks for the same treatments, although 

yields for the second week seem lower too.  

 

For experiment 5 in week 1 significant decreases were found when more salts were added. From EC6.5 

onwards, protein yields were significantly lower than the control solution with no added salts and EC3.5.  

In week 2, a similar trend was seen, but a significantly negative effect on protein production was 

observed already starting from S3. For S4 and S5, protein yield was reduced to near zero.  

In contrast to the addition of solely NaCl (experiment 4), the second week did show significantly lower 

protein production than the first week, starting from EC5.0 (31.96 mM Na+ added). For the second salt 
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Figure 8.6: Protein yields in experiments 4 and 5. In experiment 4 only NaCl was added as a salt to the N medium up to 

following concentrations: 0, 18.04, 31.96, 46.61 and 60.93 mM, or resp. treatments EC1.5 to EC8.0. In experiment 5, a 

combination of NaCl, Na2SO4 and K2SO4 was added in a fixed molar ratio of 8:1:1. Hence, only the sodium concentration is 

displayed on the x axis, from which the other salt concentrations can be deduced. In experiments 4, treatment EC6.5 and EC8.0 

were not prolonged to a second week. Upper case letters are used for week 1, lower case letters for week 2. Significant 

differences between salt treatments are indicated by different letters, significant differences for the same salt treatment in 

between the weeks of growth are indicated with ‘*’ next to the uppercase letter. Significant inter-experiment differences for 

the same week and treatment are indicated by bold letters for the higher value of the two. Differences within a week were 

analyzed via one-way ANOVA followed by Tukey HSD Test, whereas pairwise differences for the same treatment between 

weeks were analyzed through paired t-test. Significance level was taken as α = 0.05; n = 4 for all data points. 
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treatment S2, the inter-week difference was close to significant. Thus, when grown longer than one 

week, protein yields decline significantly from lower salt concentrations onwards compared to the 

control. Yields become very small when grown at high salt concentrations (S4 and S5). Remember that 

S5 was re-inoculated with only 20 g of fresh duckweed.  

 

Inter-experiment comparison of protein yield levels for the same treatment and week shows that in week 

1 S2 and S4 render significantly higher protein yields than resp. EC3.5 and EC6.5, whereas for S5 

yielded significantly less than its counterpart in experiment 4 (EC8.0). In contrast to the GR curves, for 

week 2 a significant positive inter-experiment yield effect was obtained for S2 versus EC3.5.  

 

8.2.4. Nitrogen, phosphorus and sulfur recovery 
 

In Figure 8.7 duckweed’s uptake (~ recovery) rate of N, P and S for experiment 4 and 5.  Average N, P 

and S contents of duckweed per experiment, treatment and week are given in Appendix Table 5. 

 

In experiment 4 (Figure 8.7A, C & E), week 1, a decreasing trend for nitrogen uptake rate is observed. 

For EC6.5 (46.61 mM NaCl) N recovery rate drops below 0.05 g m-2 d-1, and it stays that low for the 

highest NaCl treatment.  

In week 2, nitrogen uptake rates were not significantly lower than those of week 1, and for EC5.0 even 

a bit (not significantly) higher than in week 1.  

For phosphorus, recovery rates are generally lower than those of nitrogen for the same treatment. A 

similar trend as for nitrogen uptake is observed with identical (non-)significant differences. P recovery 

becomes practically zero for the two highest NaCl treatments EC6.5 and EC8.0 (resp. 46.61 and 60.93 

mM NaCl) in the second week of cultivation.  

Sulfur/sulfate uptake rates, depicted in Figure 8.8E, are not significantly different between the 2 weeks 

of any of the salt treatment (1 mM SO4
2-). Besides, sulfur uptake decreases almost linearly with 

increasing NaCl concentrations added. At the two highest salt treatments uptake is nearly non-existent 

and significantly lower to that in the control trays. In week 2, no significant differences were detected 

between treatment (all adjusted p-values > 0.05). 

 

In experiment 5 (Figure 8.7B, D & F), to which the salts ions Na+, K+, Cl- and SO4
2- were added in a 

molar ratio of 5:1:4:1, clearly different trends were seen than those of experiment 4.  

In week 1, for both N and P uptake rate remained unchanged up to the third salt treatment (S3). From 

S4 on, a significant decline in N and P uptake was measured, which again was significantly lower and 

even negative for S5. Or, in the first week of growth, the duckweed mat released nitrogen from its 

biomass when grown in the highest salt solution.  

In week 2, the nitrogen uptake curve lies for most of the salt interval below that of week 1. Only for S5 

a significant positive effect on the N uptake rate was found, for which a net positive N absorption 

occurred. Concluding, nitrogen uptake rate in different salt concentrations are rather similar across both 

weeks, only for the highest salt treatment a significant inconsistency was found.  

For phosphorus, a rather similar trend as for nitrogen recovery rate was found, like was the case for 

experiment 4. This seems to suggest that nitrogen and phosphorus uptake are intertwined. However, 

here uptake rates in week 2 are generally higher than those of week 1. Only for S5, duckweed absorbed 

in week 2 significantly more P. By contrast, P recovery in week 1 was negative. Overall, for S4 and S5 

the 2-week average phosphorus recovery is almost nihil, and possibly even negative. 
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Figure 8.7: Nitrogen (A &C), phosphorus (B & D) and sulfur (E & F, see below) recovery through duckweed uptake for experiment 4 (+ NaCl) and experiment 5 (+ NaCl, Na2SO4 and K2SO4). Significant differences 

between salt treatments are indicated by different letters, significant differences for the same salt treatment between the weeks are indicated with ‘*’ next to the uppercase letters. Bold letters indicate significant 

higher uptake rate for that treatment + week compared to the other experiment (horizontal comparison of figures). Differences between salt treatments were analyzed via one-way ANOVA followed by Tukey HSD 

Test, whereas pairwise differences for the same treatment between weeks were analyzed through paired t-tests. In (D), for week 2 Welch’s ANOVA followed by Benjamini-Hochberg adjusted pairwise t-tests were 

applied. The significance level was α = 0.05; n = 4 for all data points. Error bars represent standard deviations.  
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In experiment 5, sulfate uptake increased with increasing sulfate 

concentrations in the medium, despite higher salt concentrations (Figure 

8.8F). However, at too high concentrations (S5) uptake rate decreased again, 

for week 2 even to the same level as the control medium with only 1 mM 

SO4
2-. Thus, the concentration dependency of sulfate uptake seems rather of 

a parabolic shape. Highest S uptake rate was found at S3, in which 6.4 mM 

SO4
2- was added. 

 

Comparison of the same treatment and week between both experiments 

showed that for S2-S4 and S5 N recovery rates for week 1 were significantly 

higher resp. lower than those of experiment 4. In week 2, only for S2 

compared to EC3.5 a significantly higher N recovery was proven. 

For phosphorus, only for S5 P recovery in week 1 was significantly lower 

than that of experiment 1. For the other treatments there were no significant 

differences found in week 1. In week 2, P recovery rates for S1 and S2 were 

significantly higher than those in experiment 4. 

Sulfur inter-treatment comparison showed that in week 1 and 2 S recovery 

was higher in experiment 5 form the 2nd treatment onwards. Only for the 

control treatments, no significant difference was found. 

 

In Appendix Figure 2, N and P uptake rates for experiment 3 are also given. 

No differences between the weeks were found, here as well probably due to 

high standard deviations of the recovery parameters. Note that in these 

figures, recovery rates from week 2 are generally higher than those of week 

1, except for nitrogen on the control medium. Also, P uptake rates in the first 

week are rather low compared to those of experiment 4, especially at low 

NaCl concentrations. The lower growth rates are thus also generally 

translated in lower nutrient uptake rates, making this experiment less 

adequate for comparison purposes. 
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9. Discussion 
 

 Oxidative damage 
 

Chlorophyll content/breakdown is a widely used indicator to measure oxidative (salt) stress and relative 

viability of the duckweed stand (K. J. Appenroth et al., 2010; Chang et al., 2012; Harvey et al., 1973; Keppeler, 

2009). Salt induces oxidative stress through the formation of ROS which break down photosynthetic pigments 

(Halliwell, 1987). Note in Figure 8.2A & C that the chlorophyll content of the control treatments are roughly 

between 800-900 µg g-1 FW, indicating that inoculation fronds were ‘equally healthy’ and had similar nutrient 

statuses (Harvey et al., 1973).  

 

The method chosen for chlorophyll determination was the ethanol-based extraction. This protocol gave higher 

values and a lower standard deviation (n = 3) (see Table 8.1). Besides, Lichtenthaler (1987), to which authors 

that use the acetone-extraction method often refer to, warns for incomplete chlorophyll a extractions in 80% 

acetone, while recommending ethanol too. Surprisingly, our control values were low (± 800-900 µg g-1 FW) 

in comparison to those of Liu et al. (2018, 2017) who reported 1000-1500 µg g-1 FW. Reasons for this 

observation could be: general lower chlorophyll contents in our duckweed, less complete extraction (doubted) 

or lower sensitivity of the spectrophotometer (also doubted). Nevertheless, obtained chlorophyll values were 

still overall generally comparable or higher than control values obtained with the acetone method in literature: 

750-800 µg g-1 FW (K. J. Appenroth et al., 2010), 770 µg g-1 FW (Wang et al., 2014), 710-745 µg g-1 FW 

(Hou, Chen, Song, Wang, & Chi Chang, 2007), 740 µg g-1 FW (Radić & Pevalek-Kozlina, 2010). Kielak et al. 

(2011) reported an exceptionally high chlorophyll a+b content of 2200 µg g-1 FW in Lemna minor, causing 

our suspicion of erroneous calculations. 

 

Results of chlorophyll content show significant decreases when salt concentrations increase. Addition of ± 32 

mM NaCl already significantly reduced frond chlorophyll content in both weeks. Interestingly, when NaCl 

was added in combination with SO4
2- and K+, a significant decrease was detected at the same Na+ concentration, 

despite higher salt concentrations in total. Hence, at first sight, oxidative stress due to high salt concentrations 

was similar in both experiments. Nevertheless, fronds of experiment 5 were considered more vital since they 

contained more chlorophyll for lower salt treatments. This is also reflected in the higher growth potential (GR) 

of these treatments (see Figure 8.3A). Remarkably, significant growth rate differences are to a certain extent 

reflected in duckweed’s chlorophyll content. For example, in week 1 EC8.0 outperforms S5 in GR and it is at 

this point that exceptionally chlorophyll content of an EC treatment is higher. Also, the steep decline in GR at 

S4 in week 2 is translated into a large drop in chlorophyll content between S3 and S4. It looks like some growth 

trends are thus observed in chlorophyll content as a biomarker for duckweed’s vitality. Nevertheless, this does 

not always seem to hold: the steep chlorophyll decrease between S3 and S4 in week 1 -similar to that in week 

2- does not coincide with a drop in GR. Possibly, a time lag between chlorophyll breakdown and growth 

reduction occurs.  

 

The outcome of experiment 4 is comparable with many results found in literature; many tests on salt stress by 

only NaCl have been performed. Compared to the control solution, a significant decrease in chlorophyll (a+b) 

content of the fresh fronds was observed at EC5.0 or addition of 31.96 mM NaCl. In the research of Liu et al. 

(2017) on Lemna minor a significant decrease after 3 days was found for 50 mM NaCl, whereas 25 mM NaCl 

nearly didn’t affect chlorophyll content. A four-day experiment by the same research group resulted in a higher 

tolerance of 100 mM NaCl and no significant decrease at 50 mM (C. Liu et al., 2018). Another 4-day test 

showed only significantly lower chlorophyll concentrations in L. minor starting from 136 mM NaCl (Keppeler, 
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2009). The NaCl-induced chlorophyll decrease in our experiments therefore occurred at (much) lower salt 

concentrations. Notice however that our time span was larger. It’s very well possible that after 3 days a 

significant decrease at 31.96 mM wouldn’t have been yet observed. Nonetheless, the obtained outcomes 

suggest a low salt tolerance of the employed duckweed strain (see 9.5 Methods evaluation) (Sree et al., 2015). 

 

Notice that in the NaCl solution chlorophyll decreases rather linearly (R2 resp. 0.99 and 0.95), whereas for the 

5:1:4:1 Na-K-Cl-SO4-mixture the trend can be best described by a second-degree polynomial equation (R2 

resp. 0.97 and 0.88). In other words, once a certain concentration threshold is passed for the combined salt 

solution, chlorophyll breakdown through oxidative damage fiercely impacts the fronds photosynthetic 

pigments. A possible explanation could lie in the specific toxic effects and interactions of the salt cations and 

the anions, from certain concentrations onwards (Simmons, 2012). It could be put forward that the sulfate 

and/or potassium at low salt concentrations somewhat buffer toxic effects of Na+ and Cl-, since they compete 

with their uptake and thus lower internal cellular concentrations (Halliwell, 1987). At higher concentrations, 

unavoidable oxidative damage could have weakened lipid membrane structure, this way allowing for a sudden 

large influx of salt ions. This could have caused a ‘salt shock’, represented by the declining arm of the curve. 

The lower chloride contents in the mixed salt treatments could offer an explanation too (Eaton, 1942; Huber 

& Sankhla, 1979; E Landolt & Kandeler, 1987; Reich et al., 2017). More fundamental research should be 

performed on this topic to give more clarity. 

 

Next to chlorophyll content, the change in electrical conductivity (EC) of the growth medium between the start 

(fresh medium) and the end of each week was measured. EC change was put forward as another parameter to 

estimate the oxidative stress effects on the duckweed, similar to the method of Yan, Dai, Liu, Huang, & Wang 

(1996) for membrane peroxidation determination. Results for experiment 4 (Figure 8.2B) showed for both 

weeks a strong positive, linear effect of the salt concentration on the rise in EC. Or, a net release of electrolytes 

in the solutions was observed for (nearly) all trays, which significantly became larger when salt concentrations 

were higher. Experiment 5 (Figure 8.2D) on the contrary showed a negative trend, hence implying a net 

electrolyte absorption. Only in week 1 for S2 final EC values were similar to ECs at the start of each week.  

 

The increase in experiment 4 can have various reasons. First, Liu et al. (2017) mention that even in the control 

solution COD (chemical oxygen demand), or equivalently dissolved organic matter compounds were released 

by duckweed in the solution, with generally more release at higher salt concentrations. Their decomposition 

introduces inter alia conducting compounds in the solution, of which also significant amounts of N- and P-

containing compounds. Besides, it is known that insufficient harvest frequency in dense mats might lead to 

significant N and P compound releases to the solution, due to biomass die-off (Culley, Rejmánková, Květ, & 

Frye, 1981). Next, membrane permeability was shown to increase with increasing salt stress (C. Liu et al., 

2017). Hence, increased EC values are probably both linked to increased leakage of (in)organic electrolytes 

from the duckweed cells one the one hand, and nutrient uptake rates by the duckweed on the other. Since 

increases in solution EC were smaller for the (refreshed) medium in the second week, it thus seems as if major 

damage/leakage/decay happened in the 1st week, when only NaCl was added. Third, a certain defense 

mechanism against membrane peroxidation could have been developed in week 2. Since N, P and S contents 

in the duckweed (see Appendix Table 5) often didn’t change significantly, a substantial contribution of organic 

compounds and duckweed death (cfr. lower GR) is suspected (C. Liu et al., 2017). Indeed, in every container 

dead, floating fronds in the solution were observed, as well as color change of the solution, indicating the 

presence of organic compounds. Taking into consideration the initial density, this is not surprising nor 

dramatic; released nutrients could serve as nutrients for the growing duckweed fronds (Liu et al., 2017). In all 

cases, the increase in conductivity could not have been attributed to a nutrient concentration effect due to 

evapotranspiration (ET), since in the design of all experiments a ET correction step was included (Wendeou, 

Aina, Crapper, Adjovi, & Mama, 2013). Neither did the pH influence the EC positively; on the contrary, pH 

rose over the week (data not shown) due to nitrate uptake, hence less conducting H+ ions were present 

(Wendeou et al., 2013). EC rose for the control in week 1, possibly a sign of the adaptation phase in which 
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duckweed took a few days to achieve a consistent growth (J. J. Cheng & Stomp, 2009). More general, the 

inter-week difference point to a ‘salt shock’ reaction of the duckweed fronds, after which they recover. 

 

As for experiment 5, the (slight) increases for S2 in both weeks stand in contrast with the growth rate curves 

in Figure 8.3B: increased growth rate was realized, thus expecting more uptake of (conducting) nutrients from 

the solution, whereas net electrolyte removal from the solution decreased. Also, N and S recovery (slightly) 

increased (Figure 8.7B & F), whereas P uptake remained rather constant. Therefore, nutrient uptake rates don’t 

seem to offer plausible explanations for this trend. Other causes should be taken into account, e.g. an 

exceptionally high breakdown of organic compounds from duckweed. However, such assumptions are rather 

hard to support. Possibly, S2 in week 2 is an outlier due to a method artefact. EC change of the growth solution 

itself is hence considered as a rather weak indicator for oxidative salt stress. 

 

Remarkably, and similar to the defense mechanism suggested in experiment 4, a ‘buffering’ effect in week 2 

was observed: independent of the salt concentrations, the nutrient solution’s EC equally declined after that 

week. Since lower nutrient recoveries were found for higher salt treatments, the extra removal of electrolytes 

should have other causes, which remain unknown. 

 

 Biomass production 

9.2.1. Absolute vs. Relative growth rate 
 

First, the low RDWGR values are discussed. They are noticeably lower in comparison to the maxima 

mentioned in literature (0.37-0.42 d-1) (Ziegler et al., 2015).  

For example, experiment 2 yielded a RDWGR of 0.036-0.053 d-1 (see Figure 8.1), whereas in experiment 3 to 

5 RDWGRs were measured of practically nihil (e.g. S4 in week 2) to 0.075 d-1. At first sight, this might look 

troublesome, and in some cases, it is. RGR is a very important parameter for comparison between experiments 

under non-uniform, but also non-limiting cultivation conditions (Eberius, Mennicken, Reuter, & Vandenhirtz, 

2002; Ziegler et al., 2015). It is in this last topic where our experimental setup differs. One of the main reasons 

for lower R(DW)GR can be found in the initial density that was chosen for maximal biomass production, 

according to Monette, Lasfar, Millette, & Azzouz (2006). At higher densities, growth-limiting factors might 

arise, thus the assumption of exponential growth doesn’t hold anymore. Instead, a logistic growth model is 

more appropriate (A. Lüönd, 1980). Whereas maximal RGR of 0.27 d-1 was found between initial densities of 

3.4-9.6 g DW m-2, at the used D0 of ± 41 g DW m-2 RGR was expected to be ± 0.16 d-1 (see Figure 6.5) (Driever 

et al., 2005; Monette et al., 2006). Factors negatively influencing the RGR might be clone-specific growth 

potential, pre-cultivation method, suboptimal/varying temperatures, insufficient irradiation, competition due 

to non-sterility of the culture, and of course the treatment-dependent salt stress (Chakrabarti et al., 2018; J. 

Cheng et al., 2002; C. Liu et al., 2018; Monette et al., 2006; Ziegler et al., 2015). Besides, nitrogen in the N 

medium is uniquely present as nitrate, resulting in lower RGR (Cedergreen & Madsen, 2002; A. Lüönd, 1980).  

 

Concluding this section, absolute growth rate (GR) is a much more interesting parameter to quantify the real 

(absolute) biomass growth potential than the RDWGR. It is more often used in literature for operating 

duckweed pond systems. Additionally, design choices like duckweed density, nitrate as nitrogen supply and 

non-sterility were geared towards future extrapolation to a larger scale, not for obtaining maximal RGR values 

in a highly controlled lab setting. 

 

9.2.2. Absolute growth potential 
 

Reported growth rate values (g m-2 d-1) in literature vary strongly, exhibiting the large variety in performance 

of duckweed production systems (see Table 6.12). For lab experiments, mainly high values were obtained for 

growth on synthetic media (e.g. Schenk-Hildebrandt or SH): on an artificial swine medium L. minor grew in 
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its linear growth phase at a rate 28.6 g DW m-2 d-1 (J. Cheng et al., 2002); 1.32-8.90 g DW m-2 d-1 dependent 

on light regime on SH medium (Yin et al., 2015), 3.5 g DW m-2 d-1 on swine lagoon wastewater and 14.1 g 

DW m-2 d-1 on SH medium (Ge et al., 2012), 3.5-3.9 g DW m-2 d-1 on Hoagland medium (Z. Zhao et al., 2014), 

2.95-8.71 g DW m-2 d-1 on domestic sewage (Al-Nozaily et al., 2000), 20 g DW m-2 d-1 on secondary effluent 

of treated swine wastewater (Toyama et al., 2018), and 18.6 g DW m-2 d-1 on swine lagoon water (Xu & Shen, 

2011). In larger-sized experimental setups, values also varied to a great extent: 0.67 g DW m-2 d-1 in a 

greenhouse on 25-50% diluted swine lagoon effluent (Bergmann et al., 2000a), 4.3 to 28.5 g DW m-2 d-1 

outdoors on 20-50% diluted swine lagoon liquid (J. Cheng et al., 2002), 8.3-18 g DW m-2 d-1 in outdoor ponds 

of a swine waste treatment system (Mohedano et al., 2012), 6.10 and 7.26 g DW m-2 d-1
 in outdoor mixed 

wastewater ponds (Y. Zhao et al., 2015; Yonggui Zhao et al., 2014), and 2.27 g DW m-2 d-1
 in an outdoor pond 

on a mixture of organic manures (Chakrabarti et al., 2018).  

 

Thus, maximal growth rates on an artificial medium in this experimental setup (3.62 g DW m-2 d-1 for 

experiment 4 on EC1.5, 4.17 g DW m-2 d-1 for experiment 5 on S2) are rather low. The N medium only contains 

nitrate as N source, not the preferred ammonium-N (present in SH medium and many other agricultural waste 

streams), therefore lowering growth potential (Cedergreen & Madsen, 2002; Chakrabarti et al., 2018). 

Nevertheless, comparisons of the treatments with the control growth rate on the N medium are valuable and 

give a good indication of growth inhibition by varying salt concentrations. The relatively low RDWGR and 

GR observed might have consequences with respect to quality of the harvested fronds as feed material (see 9.5 

Methods evaluation). 

 

For experiment 4, obtained GR values range between 1.77-3.62 g m-2 d-1 in the first week of growth and 

between 2.24-3.41 g m-2 d-1 in the second week, during which treatment EC6.5 and EC8.0 were omitted. Since 

growth rates in subsequent weeks were not significantly different, it is stated that -based on a 2-week 

experiment- duckweed is indeed able to produce (dry) biomass in the long term. However, GRs in the second 

week were generally lower than those of the first week. It would be interesting to extend the duration of the 

experiment to validate whether this decreasing trend continues and becomes significant. No negative RDWGR 

values were found for the tested NaCl concentrations (see Appendix Table 4), whereas negative RFWGRs were 

observed for EC6.5 and EC8.0, prompting us to end these treatments after week 1 (data not displayed). Hence, 

negative fresh weight growth occurred starting from ± 47 mM NaCl (EC6.5), which is rather similar to 50-75 

mM NaCl as found by Liu, Dai, & Sun (2017) and quite lower than 62.5-125 mM NaCl (Sikorski et al., 2013).  

 

The remarkable increase in GR (based on DW) for EC8.0 vs. EC6.5 was ascribed to a steep increase in DW% 

between these NaCl concentrations (see Appendix Table 4). This increase was thought to be caused by a heavy 

increase in starch content of the fronds, a phenomenon that is well studied in duckweed (Ge et al., 2012; Sree 

et al., 2015; Sree & Appenroth, 2014; Xu et al., 2011; Yonggui Zhao et al., 2014). Starch could account for ± 

40-45% of the DW after one week of salt stress (50 mM NaCl), but also much lower starch values were 

observed for other L. minor clones (J. J. Cheng & Stomp, 2009; Sree et al., 2015; Yonggui Zhao et al., 2014). 

This explanation seems reasonable, since the near-optimal pre-treatment with high biomass production was 

immediately followed by a salt stress phase which allows starch accumulation (Sree & Appenroth, 2014). Joy 

(1969) reported for L. minor plants with low growth rates high dry weight contents of 11-14 DW% (vs. 11.5% 

here), caused by such high starch accumulation. Since DW% of treatment EC6.5 was in the regular interval 

(see Appendix Table 4) after week 1, it is suspected that starch accumulation and simultaneous dry weight 

growth increase in the employed strain is heavily induced somewhere between 46.61 and 60.93 mM NaCl. 

 

In experiment 5 the growth rate was between 0.09-4.17 g m-2 d-1. Based on significant GR decreases in 

subsequent weeks for the highest salt treatments (S4 and S5), one can infer that duckweed loses its growth 

potential over time in these saline solutions. Again, an extension to several weeks would bring more clarity on 

whether this effect continues, and/or this would also hold for lower salt treatments. For example, biomass yield 

in week 2 for S3 was proven to be significantly lower than what the duckweed produced in week 1, but not 
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different from those of S1 and S2. This time-dependent trend seems to contradict the result of Cheng & Stomp 

(2009), where duckweed after transfer from the pre-cultivation medium to the artificial swine wastewater 

medium initially grew slower. After four days, a higher, linear growth rate was perceived. However, salinity 

strength was not clearly defined in this experiment and ammonium supply was favorable? These factors could 

explain the differential growth response. In contrast, a trial with S. polyrhiza showed that growth rate (based 

on frond number) in the first 2-4 days was still low but positive in 200 mM NaCl, after which growth stagnated 

and decreased as a result frond die-off (Chang et al., 2012). 

 

A slight, non-significant growth increase was observed for the S2 treatments in both weeks. A similar 

observations was made by Sikorski et al. (2013) and Wendeou, Aina, Crapper, Adjovi, & Mama (2013), 

however at lower salt additions, resp. 3.91 mM NaCl and at a conductivity of 1.2 mS cm-1. Note also the 

absence of a GR increase at high combined salt concentrations, as was the case for EC8.0. Indeed, dry weight 

contents don’t skyrocket here (see Appendix Table 4), hence (high) starch accumulation can be excluded for 

the tested concentrations. 

 

Despite Simmons' (2012) finding of an increased toxicity effect on growth when both Na+ and SO4
2- are present 

in the nutrient solution, growth rates of experiment 5 (with NaCl, Na2SO4 and K2SO4 added) were for S2 and 

S4 significantly higher than those of the NaCl experiment in week 1. For S5, it was significantly smaller. In 

week two, the ‘extra toxicity effect’ due to the simultaneous presence of these ions was neither observed for 

the first three treatments. Possibly, this would have been the case if EC6.5 and EC8.0 were prolonged to a 

second week. Hence, at these sulfate and sodium concentrations -much smaller than 100 mM, as tested by 

Simmons- the synergetic toxic effect of Na+ with SO4
2- is not dominant. However, the earlier observed ‘salt 

shock’ might be a sign of this combined toxicity from S4 onwards. Our added salt could interfere with the 

outcome of the one-salt-by-one experiment of Simmons, and caution was recommended when extrapolating 

(Simmons, 2012). The elevated presence of K+ could have mitigated this combined toxicity effect.  

 

Potassium could also lower growth potential. In the N medium it is present at a concentration of 9 mM, just 

below the 10 mM upper limit set by Strauss (1976). At 40 mM K, growth is much retarded and at 60 mM it is 

very low (Eyster, 1966; E Landolt & Kandeler, 1987). In experiment 5 K2SO4 salts were added too and S5 

contained the maximum of 21 mM K+. Hence, growth reduction might also partly be ascribed to toxic K+ 

concentrations, though it is believed this is not the dominant factor. It is important to realize that biological 

effluent is generally very rich in potassium, and could contain ± 85 mM K+ (VLM, 2013). Therefore, it might 

have to be diluted to allow satisfying duckweed growth. 

 

Another important growth conclusion lies in the increase in DW% at increasing NaCl mixture concentrations, 

as observed in Figure 8.5: Averages of the growth parameters relative growth rate based on fresh weight 

(RFWGR) and based on dry weight (RDWGR), as well as average dry weight percentages of the fronds for 

both weeks of experiment four. Significant differences between salt treatments are indicated by different 

letters, significant differences for the same salt treatment in between the growth parameters are indicated with 

‘*’ next to the uppercase letter. Differences within the growth parameter were analyzed via one-way ANOVA 

followed by Tukey HSD Test, whereas pairwise differences for the same treatment between growth parameters 

were analyzed through two-sample t-tests. Significance level was taken as α = 0.05; n = 8 for EC1.5-EC5.0 

and n = 4 for EC6.5-EC8.0. Error bars show the standard deviation.. In other words, increasing concentrations 

extract net water from the duckweed fronds, but within the measured NaCl range this had no large effect on 

the dry biomass growth rate. When plural salts were added, DW% rose slowly too (Figure 8.5) in both weeks, 

implying a loss of water in the fronds. Nevertheless, here this effect did not compensate for the decrease in 

FW growth at the higher salt concentrations. Sikorski et al. (2013) also observed significantly higher DW% 

values at increasing salt (NaCl) concentrations. In general, slow growth decreases water content hence results 

in higher DW% (E Landolt & Kandeler, 1987).  
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In week 2, S4 and S5 both rendered low biomass production rates. However, remember that S5 was only re-

inoculated with 20 g FW. Bearing this in mind, comparison with S4 indicates that at this high salt 

concentrations a high stand density doesn’t necessarily benefit DW production. Or, at high salinities it would 

be interesting to tweak D0 to optimize (dry weight) growth rate. 

 

It would have been of interest though to also prolong EC6.5 and EC8.0 to a second week, despite not having 

yielded fresh weight (but in contrast yielding DW). This would allow comparison of the salt effect at the higher 

salt concentrations in both experiments. 

 

 Protein production 
 

L. minor on 100% N medium could produce ± 1.19-1.26 g CP m-2 d-1, which is much lower than the CP yield 

of 10.2-15.14 g m-2 over 12 days on swine wastewater obtained by Z. Zhao et al. (2014). When thinking about 

upscaling through extrapolation, our maximal protein yield would be equivalent to 4.34-4.60 ton CP ha-1 y-1, 

assuming a constant year-round production. In Belgian circumstances, this is of course impossible, mainly due 

to outdoor temperature. Therefore is this extrapolation of low practical use, and more generally Goopy & 

Murray (2003) state that “the extremely large range of recorded yields suggest that making estimates of 

productivity based on results from short trials in laboratory-scale vessels is of questionable value.” Even then, 

much higher values have been mentioned in literature, e.g. 11.1 ton protein ha-1 y-1 for Lemna gibba on UASB 

reactor effluent (El-Shafai, El-Gohary, Nasr, Peter van der Steen, & Gijzen, 2007). Moreover, these authors 

found a (weak, R2 = 0.73) correlation between protein content and biomass density. Such tendency was 

countered by Mohedano et al. (2012), who found for both low and high densities bad protein qualities. 

Nevertheless, high duckweed density could be one of the factors that negatively influenced the obtained protein 

yields in our experiments. 

 

A negative effect of Na+ (in both experiments) on protein yield in Lemna minor in the first week of growth 

was only detected from 46.61 mM Na+ onwards. In week 2, EC3.5 (18.04 mM Na+) and S3 (31.96 mM Na+) 

already produced significantly less proteins. Hence, protein yields declined significantly compared to the N 

medium over time, making it difficult to set one specific upper salt limit. Based on these two weeks of growth, 

for experiment 4 this would correspond to EC3.5 or 18.04 mM NaCl added, and for experiment 5 to S3, to 

which 25.57 mM NaCl and 3.20 mM Na2SO4 and K2SO4 were added to the N medium. 

The increase in protein yield at S2, related to the increase in growth rate, and high CP contents for this treatment 

(higher than for the N medium) for both weeks is remarkable, as well as the significant increases in CP in the 

second week for the high salt treatments. These could be attributed to various causes. When growth is high, 

sulfur might become limiting for S-containing amino acid synthesis (R. A. a. Leng, 1999). Thus, supply of 

some extra sulfur to the nutrient solution, together with relatively low supply of other salt ions, could stimulate 

protein synthesis. Also, potassium as important growth nutrient is extra added, but this effect seems unlikely 

since the N medium is already high in K (see supra). 

 

Protein yields are strongly related to (dry) biomass yields, but also to the crude protein content (CP) of the 

duckweed at the time of harvesting. Since the CP varies only to a certain extent, trends in Figure 8.3A and 

Figure 8.6 are rather similar. However, some significant differences were observed. Besides, the general 

decrease of protein yield with increasing salt concentrations in both experiments occurred more rapidly than 

the decrease in total biomass yield. The reason for this can be found in decreasing protein contents at higher 

salt concentrations (Table 8.2). Hence, CP contents are also discussed below. 

 

For experiment 3, 4 and 5 CP contents are roughly in the range of 22-33%. Duckweed’s biomass content on 

pure N medium for all experiments was between 30-32%. The values from Table 8.2 fall in the range of 20-

35%, as defined by Appenroth et al. (2017). Despite the oxidative salt stress, protein contents still exceeded 
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the protein content (9-20%) of duckweed grown on nutrient-poor waters (Chakrabarti et al., 2018; Rusoff et 

al., 1980). Chang et al. (2012) reported as well significantly lower soluble protein contents in Spirodela 

polyrhiza exposed to 200 mM NaCl. Differences between the control and the salt-treated fronds were large 

and increased as time passed. This was related to frond chlorosis and tissue breakdown, thus also of proteins. 

Our results don’t show this increased breakdown with incubation time. Contrarily, significant differences 

between the two weeks only occurred for some treatments, and when so, more often did they entail an increase 

in protein content, mainly for experiment 5 and 3. On the other hand, for experiment 4 and 5, duckweed’s 

protein content decreased significantly between week 1 and 2 on the control medium, which seems correlated 

with the (non-significant) decrease in growth rate in the second week.  

 

CP contents are similar to others found in literature: Chakrabarti et al. (2018) reported a CP value of 27.12% 

(as percentage of dry weight) when Lemna minor was grown on an inorganic medium. In a lab experiment on 

swine wastewater, the pure duckweed cultures attained CP values of 22-27% (Z. Zhao et al., 2014). Thus, the 

observed protein contents are rather high, even when salt stress was severe. However, all year average CP of 

duckweed on an outdoor pond system was 33.34%, with seasonal differences from 31.00-36.05% (Yonggui 

Zhao et al., 2014). Our results suggest on one side that nutrient/nitrogen status of the growth solution was 

sufficient for a week of growth without serious nutrient depletions (Chakrabarti et al., 2018; Mohedano et al., 

2012). On the other side, since duckweed was grown on a solution that contained solely nitrate, CP was 

expected to be ± 25-30% lower than when duckweed it is grown on an ammonium-rich solution (Dicht et al., 

1976). All cited experiments in this paragraph contained (high levels of) ammonium, hence our results are 

considered on the high side. We suggest that CP results should not be over-valued. The method of nitrogen 

analysis and CP calculation makes us suspect that the calculated CP values are overestimated. For further 

discussion on this, see 9.5 Methods evaluation. Nevertheless, since this experiment was executed on an 

inorganic medium, higher protein contents when grown on real biological effluent or other organic media could 

be attained (Chakrabarti et al., 2018).  

 

Our duckweed protein contents were generally higher when growth rate was high. For example, in experiment 

5 the slight increase in GR at S2 is associated with (significantly) higher CP values. In other words, when 

duckweed grew well, duckweed contents were higher and therefore protein yield as well (Chakrabarti et al., 

2018). The declining GR trend in experiment 4 comes on its turn with significantly decreasing protein contents. 

However, this rule doesn’t hold for the increase in GR in experiment 4 for EC8.0. Here, protein content is 

significantly lower (25,1%) than those of the other treatments. Remember that this surprising increase was 

thought of due to intensive starch accumulation. Hence, when duckweed starts to accumulate starch due to 

external (salt) stress, protein production does not increase concordantly. This observation was shared by Ge et 

al. (2012), where high protein contents appeared to compete with the desired starch accumulation. Hence, a 

high dry weight growth rate doesn’t necessarily mean a high protein production/content. This was also 

remarked by Hillman (1961), who stated that DW based growth measurement could reflect principally starch 

accumulation rather than growth, as was the case here. 

 

 Nutrient recovery 
 

Data on nutrient recovery through duckweed uptake while grown on different salt concentrations are not 

readily available. However, J. Cheng et al. (2002) measured N and P uptake at varying dilutions (20-50%) of 

a nutrient- dense artificial swine medium. Increasing concentrations therefore correspond to higher salt loads, 

but also to higher N and P supply, unlike in our experiments. A negative effect of increasing wastewater 

concentrations was also observed for N and P uptakes, though increases were observed for intermediate 

dilutions (25 & 33%). Both ammonium toxicity but also higher salt concentrations could be at the base of these 

reduced uptakes, giving blurred effect results.  

 



 

61 

 

9.4.1. Nitrogen 
 

Nitrogen recovery ranged between 0.09-0.19 g TKN m-2 d-1 for treatments EC1.5, 3.5 and 5.0 over both weeks. 

For S1 up to S3, uptake rates were between 0.10-0.23 g TKN m-2 d-1, and significantly higher than for the pure 

NaCl treatments. Long-term N recovery rates are found in literature in a rather similar range: year-average 

values from 0.06 to 1.2 g TN m-2 d-1 have been reported (Adhikari et al., 2015; Mohedano et al., 2012; Y. Zhao 

et al., 2015; Yonggui Zhao et al., 2014). Hence, even in uncontrolled conditions duckweed often performed 

better than in our experiments. Lab or greenhouse experiments with (more) controlled climatic conditions often 

rendered even higher recovery potentials of 3.4-8.9 g TN m-2 d-1 (J. Cheng et al., 2002; Jiayang Cheng et al., 

2002). Note that Cheng’s researches were preceded by a thorough duckweed selection step for optimal growth, 

protein production and thus N (and P) uptake on the tested media. Furthermore, most growth media contained 

(high) levels of ammonia which is more rapidly taken up than nitrate (Cedergreen & Madsen, 2002). For these 

reasons, it can be concluded that the obtained N recovery values, just like for growth rate, in our experiments 

are rather on the low side 

 

Results of experiment 3 (Appendix Figure 2) showed low uptakes in week 1 as well as especially for 

phosphorus in general. These observations could be a consequence of a pre-cultivation phase without artificial 

lighting, since fronds looked less vigorous when inoculated (see also Figure 8.3A). Results of experiment 3 

are thus not further considered. 

 

Especially for those treatments for which CP (based on TKN) hardly changed over the course of a week of 

growth, nitrogen recovery rate follows a quasi-identical trend as protein yield. This is logical: the nitrogen 

content per unit of biomass nearly didn’t change, so the extra yield (what is more than 30 g) on itself is a good 

indicator of the nitrogen that was taken up. This mainly holds for the first week of low salt treatments, but 

often not for the high salt treatments and the second week in general, were significant changes in N or CP 

content did occur (see ‘*’ in Table 8.2, and Appendix Table 5). 

 

Nitrogen recovery is significantly negatively affected by NaCl starting from 31.96 mM in the first week, which 

can thus be viewed as the maximal upper limit for nitrogen recovery by duckweed in these NaCl solutions. 

However, in week 2 duckweed grown on EC5.0 recovers equally nitrogen as control treatment EC1.5. 

Duckweed thus seems to recover its N uptake potential after week 1. This explanation is backed by the slight 

(non-significant) increase in frond N content between week 1 and 2 (Table 8.2). Besides, also in experiment 3 

N content increased significantly from week 1 to week 2, overall resulting in (non-significantly) higher N 

recoveries in week 2 in this experiment (see Appendix Figure 2). Ideally, data for week 2 for the two highest 

salt treatments should have been collected to confirm this time trend. 

 

The GR increase at EC8.0 is not observed as explicitly in the nitrogen recovery. This agrees with the hypothesis 

of starch accumulation: CP content was lower at this treatment, since nitrogen (mainly proteins) did not 

contribute to the DW increase. Thus, nitrogen uptake corresponded to a large extent to obtained growth rate, 

but not for the highest salt concentration applied (60.91 mM). 

 

For experiment 5, nitrogen recovery in week 1 strongly decreases, even down to negative values at the highest 

salt treatment S5: here nitrogen gets released from plant tissue. In week 2, values are lower but not significantly 

different. In the research of C. Liu et al. (2017), nitrogen removal was only significantly less at 75 mM NaCl, 

which was attributed to reduced duckweed growth and therefore nitrogen demand. Even more, significant 

amounts of nitrogen were released from the tissue into the salt solution at high concentrations (75 mM NaCl). 

In contrast, at increasing salinities (max. 3 mS cm-1) no decrease in N removal from a wastewater treatment 

system was perceived (Wendeou et al., 2013). Besides, the re-inoculated (20 g FW) duckweed of S5 showed 

to absorb again nitrogen despite only a small biomass gain. This corresponds to the fact that CP content 

increased in week 2 for S5, similarly like for S4. Or, those treatments that produced only a small amount of 
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biomass in week 2 (S4 and S5) and of which nitrogen content dropped strongly in the first week of growth, 

did undergo a significant increase in nitrogen content in the next week and were therefore able to recover 

nitrogen. Here too, we could speak of an initial ‘salt shock’. The nitrogen recovery balance over both weeks is 

low but still positive, as was the case for EC6.5 and EC8.0 (experiment 4).  

 

Moreover, at higher nitrogen concentrations, more nitrogen is removed through non-uptake processes like 

microbial nitrification-denitrification (J. Cheng et al., 2002). TKN values of the 50% dilutions in this 

experiment are similar to the nitrate-N content in the N medium (140-196 mg TKN L-1 vs 140 NO3
--N L-1), 

hence significant other losses of nitrogen could be expected in our setup too. Since nitrogen is already largely 

present as nitrate, removal through denitrification will largely depend on the anaerobicity of the root zone, 

which was found to be low in the research of Toyama et al. (2018). Unforunately, probably due to an error in 

the water sample preparation procedure, removal values were determined but not considered reliable/correct.  

 

9.4.2. Phosphorus 
 

P recovery values in solely NaCl-enriched solutions ranged between -0.003-0.070 g TP m-2 d-1. When a 5:1:4:1 

Na-K-Cl-SO4-mixture was added, P uptakes ranged from -0.037-0.082 g TP m-2 d-1. These are clearly lower 

than lab-based values in literature, which range e.g. between 0.2-1.2 g TP m-2 d-1 (J. Cheng et al., 2002; Jiayang 

Cheng et al., 2002). Compared to field observations of long(er)-term experiments, these do fall largely within 

the wide range of 0.005-0.47 g TP m-2 d-1 (J. Cheng et al., 2002; Mohedano et al., 2012; Y. Zhao et al., 2015; 

Yonggui Zhao et al., 2014). Hence, just like for nitrogen recovery, growth rate and protein yield, values are 

more comparable with those attained in larger-scale experiments. Other lab experiments find much higher 

values, attributed to their different setup (pre-treatment, sterilization, growth solution, pre-selection, 

temperature…). For example concerning the growth solution, the chloride ion, added in in increasing quantities 

in both experiments, could compete to some extent with the phosphate anion for uptake sites and its internal 

transport (Kalifa, Barthakur, & Donnelly, 2000; Navarro, Botella, Cerdá, & Martinez, 2001). 

 

Phosphorus recovery in experiment 4 followed a very similar trend as nitrogen recovery with the same increase 

in P content (and recovery) at EC5.0 in week 2. Hence, it looks that when duckweed fronds take up more 

nitrogen, this goes along a concurring uptake in phosphorus. This sounds reasonable since both are major 

growth elements. Characteristic for plants, P uptake is lower than that for N, and where N recovery drops to 

0-0.05 N m_2 d-1 for EC6.5 and EC8.0, P recovery is marginalized to practically zero for these treatments. 

Hence, significant P recovery can only occur up to salt concentrations of 31.96 mM NaCl. 

 

The increased N and P content at 31.96 mM NaCl addition is remarkable, resulting in higher N and P uptakes 

in the second week. However, because of rather high standard deviations, no significant differences for this 

phenomenon were proven, and so no solid statement can be made based on this observation.  

 

In experiment 5, phosphorus recovery was also negative in the first week for S5, and a similar compensation 

effect in the second week was observed. Hence, it seems that a ‘salt shock’ effect occurred, for which duckweed 

took about a week to recover. The low GR of S5 (note: only 20g re-inoculated) in week 2 didn’t prevent it to 

absorb nutrients from the solution, translated into an increase in P content. Phosphorus recovery neither differs 

significantly between the weeks, except for S5. In general, based on these 2-week results, it can be stated that 

Lemna minor was able to recover significant amount of P from the test solutions up to treatment S3 (25.57 

mM NaCl and 3.20 mM Na2SO4 and K2SO4
 added to N medium).  

 

The decline in P uptake with increasing salt concentrations was also retrieved for other freshwater macrophytes 

(Twilley & Barko, 1990). The investigated species had however relatively high tolerances, with e.g. Hydrilla 

verticllata significantly reducing P uptake at ± 100 mM NaCl. Compared to Lemna minor used in this 
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experiment, P uptake was already significantly inhibited compared to the control solution after week 1 when 

31.96 mM NaCl added (experiment 4), or 37.3 mM NaCl, 4.7 mM Na2SO4 & K2SO4. At higher 

salinities/conductivities in a duckweed-based wastewater treatment system, removal rates (of which recovery 

could be a large share) and removal efficiencies of P decreased (Wendeou et al., 2013). Liu et al. (2017) 

motivated their declining P uptake through a decreasing plant growth rate. In our experiments, results are not 

as unambiguous. In experiment 4, the starch accumulation implies the same for P as for N recovery: elevated 

dry weight growth rate did not elevate P recovery, probably due to the low P contents in starch-rich dry 

biomass. In the second week too, P content rose in EC5.0, possibly because P contents dropped in week 1. In 

experiment 5, the large decrease in P uptake rate to a negative value is a result of slightly negative FW biomass 

growth for 3 of the 4 replicates, combined with a steep decline in duckweed’s P content. Note that GR here 

was still positive (± 1.8 g DW m-2 d-1), thanks to the increase in DW% compared to the inoculated duckweed. 

So, duckweed did not produce fresh biomass or take up phosphorus nor nitrogen, but instead stagnated, 

increased its dry weight content and some fronds also degraded. It is most likely due to this degradation that 

phosphorus was released into the growth solution. Such negative P recovery took place in both salt solutions 

at lower concentrations than is reported by C. Liu et al. (2017) at 100 mM NaCl. 

 

For experiment 4, almost no negative N or P recoveries were found for week 1, in contrast with the results of 

Liu et al. (2017). Their upper limits for N and P removal were set at resp. 75 and 100 mM NaCl for 3 days of 

cultivation. Here, it was thought that no such (average) negative recovery was found due to re-absorption of 

the released nutrients within the week (see also 9.1 Oxidative damage). Similarly, in Liu’s experiment this 

happened to some extent: N and P contents in the water declined between 24 and 72h of inoculation. Indeed, 

mineralized nitrogen (notably NH4
+ ) would be rapidly re-absorbed and also PO4

3- could also have been taken 

up rapidly since growth rates were still positive for EC6.5 and EC8.0 (Cedergreen & Madsen, 2002; J. Cheng 

et al., 2002; Ericsson et al., 1982). Besides, Liu et al. (2017) did not observe nitrogen release into the solution 

at 50 mM, whereas in our experiments, this was observed for some containers at 46.81 mM (see error bar). 

Hence, serious salt stress seemed to start at a lower NaCl concentration in our duckweed cultures.  

 

Comparison of N and P content (Appendix Table 5) in the harvested duckweed to those obtained by Bonomo, 

Pastorelli, & Zambon (1997) (resp. 20-60 mg N g-1 DW & 2-29 mg P g-1 DW) in N- and P-rich conditions, 

learns that the obtained contents are rather on the high side. Or, nutrient supply was high in the medium and 

maximal nutrient accumulation limits are almost reached. Therefore, it seems that mostly the growth rate is 

the limiting factor for obtaining higher N and P recoveries in the current system. 

 

9.4.3. Sulfur 
 

The potential of duckweed to recover sulfur was also assessed, in casu sulfate. Sulfate is in normal situations 

not a hazardous compound but can create unwanted effects natural ecosystems when present in large quantities. 

These include acidification of water bodies and metal precipitation. Hence, pollution of sulfate in surface 

waters is also regulated on the European level (Donoso, Boets, Michels, Goethals, & Meers, 2015; Moreno, 

Aral, & Vecchio-Sadus, 2009). Few literature has been published on sulfurous compounds recovery by plants, 

probably because this essential nutrient is not often present in toxic levels in agricultural systems. Nonetheless, 

an interesting trend was found when assessing duckweed’s potential for sulfur recovery. 

 

For experiment 4, in which sulfate concentrations were only determined by the N medium (1 mM SO4
2-), sulfur 

recovery decreases significantly compared to the control in EC6.5 and EC8.0. This coincides with the growth 

rate trend, with the same exception as for nitrogen and phosphorus uptake: only at EC8.0 the GR is high due 

to starch accumulation, while sulfur recovery doesn’t increase simultaneously. Our data reveal that the S 

content of the dried fronds from EC8.0 is low at 0.43 ± 0.03% of DW, compared to 0.51 ± 0.04% for the 

control treatment. Hence, the increased GR was also accompanied by a decrease in S content, which thus 
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compensated each other. The slight peak at EC5.0 for week 1 can also be linked to relatively high S contents 

for this treatment (0.52 ± 0.09%). Besides, sulfur contents in the fronds were within the range of ‘sufficiency’, 

indicating a good sulfur supply (White & Brown, 2010). Thus, sulfur uptake was in these solutions with 

constant sulfate concentrations mainly a growth-dependent parameter. In general, it can be stated that when 

more than 31.96 mM NaCl was added, sulfur uptake by fronds decreased to a negligible level. No differences 

between both weeks were observed and sulfur contents in the fronds were practically equal (p > 0.05 for all 

treatments) between both weeks. Hence, even when growth is low, Lemna stores considerable amounts of 

sulfate, dominantly in its vacuole (Datko & Mudd, 1984b; Rennenberg, 1984). In other words, the slight 

difference in growth rate between the weeks didn’t influenced sulfur recovery. 

 

Experiment 5 showed significantly higher recovery rates for sulfur for all treatments compared to the previous 

experiment, except for the control S1. The elevated sulfur contents in the treatments thus did have a positive 

effect on sulfur recovery. In Figure 8.7F we see an increase in sulfur recovery with in increasing sulfate 

concentrations, up to a maximum at 6.39 mM SO4
2- supply after which S uptake decreases again. For the 

control treatment the relatively low sulfur supply is limiting for a higher sulfur recovery rate, whereas for the 

highest sulfur treatments the lower growth rates limit maximal sulfur recovery. Besides, the overall trend was 

rather similar and not significantly different between both weeks. In contrast, the S content did increase for S2 

to S5 in week 1 compared to the control and rose even further in week 2 (see Appendix Table 5). Also, the 

decrease in S content on the N medium in week 1 was compensated after the second week. Hence, the 

phenomenon of sulfur loss to the environment at excessive tissue sulfur concentrations was not (yet) observed 

(Rennenberg, 1984). About 1.3% of sulfur on dry weight is here considered the maximum that duckweed could 

store in 2 weeks of growth on a sulfate-rich medium rich, whereas Landolt & Kandeler (1987) mention an 

upper limit of 7%. It is thus clear that duckweed has a high capacity of taking up sulfate, established via a low- 

and high-affinity system dependent on sulfate concentration, and that these increasing contents compensate 

for the decrease in biomass production observed in the second week (Datko & Mudd, 1984a, 1984b). The 

intermediate treatment S3 seems ideal if sulfur recovery is the main goal. Moreover, sulfur protein assimilation 

is expected to enhance only slightly under high sulfur supply. Or, organic sulfur stays more or less constant, 

whereas inorganic sulfur increases drastically (Rennenberg, 1984). Indeed, in Table 8.2 protein content didn’t 

increase at increasing sulfur concentrations, or even decreased somewhat. 

 

Notice that sulfur concentrations in all solutions were (more or less) within the optimal range as presented in 

the literature review (Eyster, 1966): minimum sulfate concentration was 1 mM (= 0.33 mM S), maximum was 

13.2 mM (= 4.4 mM S). Those of experiment 4 were rather on the low side, as well as the control S1 of 

experiment 5. 

 

 Methods evaluation 
 

Since the experiments were conducted without a preliminary sterilization step, the presence of micro-algae 

was not controlled (Monette et al., 2006). Visually, presence of algae was suspected, but not to a large extent: 

the high density ensured inhibition of extensive algae proliferation (K. Kroes et al., 2016; Monette et al., 2006; 

Skillicorn et al., 1993). Despite non-axenic cultures and crowded stands, infection with e.g. Pythium was not 

recorded (Skillicorn et al., 1993) 

 

The light intensity was more precisely measured and reported as in many other experiment which didn’t 

specifically focus on light intensity. The increased efforts in this area seemed to pay off: calculated PPFD 

values over the course of the experiment for each container were very similar with small standard deviations 

and the factor ‘Light’ in our linear models never appeared to be significant on growth parameters. Blocking 

parameters indicating the position of the container on the rack (bottom vs. top & back vs. front row) neither 

showed to be significant (Vermaat & Hanif, 1998).  
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Duckweed was randomly sourced from a local pond. Hence, no pre-selection based on the purpose of this 

experiment was done, in sharp contrast with e.g. the high efforts to this end by Bergmann et al. (2000). Indeed, 

different strains -often more than species- exhibit very large variations in growth and nutrient recovery 

potential on saline wastewaters (Bergmann et al., 2000a; Sree et al., 2015). Hence, large improvements can 

and should be made on this field to improve performance of duckweed for protein production and nutrient 

recovery on e.g. biological effluent. Nevertheless, the choice for L. minor was not uncalculated. From the 

results from Sree et al. (2015b) it could be concluded that L. minor performed moderately to well (with a small 

standard deviation) with respect to salt tolerance compared to the other tested species and their clones. For 

future research, we recommend to source duckweed material from e.g. a brackish wetland when the goal is to 

grow it on saline solutions (Skillicorn et al., 1993). Besides, a more controlled pre-cultivation can also result 

positively. In these experiments, duckweed mats in pre-cultivation boxes were observed healthy but rather 

dense, which has consequences for further growth (Kufel et al., 2018; Skillicorn et al., 1993).  

 

Also, question marks can be put when considering the conversion from TKN to CP content. The decision was 

made to execute a modified Kjeldahl method, which also fixated nitrate from the tissue. Hence, the conversion 

factor 6.25 is probably overestimated, since it considers all inorganic nitrogen forms as protein, which is of 

course not realistic. For example, Yonggui Zhao et al. (2014) found a difference of 25% between CP and amino 

acid content in their duckweed. In our case this might even be larger, since next to e.g. inorganic NH4
+ and 

urea also nitrate is converted to crude protein, as if its nitrogen was part of organic amino acids. Being a 

macrophyte, L. minor does contain non-negligible amounts of NO3
- (E Landolt & Kandeler, 1987). 

 

It has become clear that, with increasing salt concentrations, the dry weight content of fronds generally 

increases. Besides, other authors state that higher amounts of ash and fiber and lower amount of protein were 

found in duckweed colonies with slow growth rate (Culley & Epps, 1973; R. A. Leng et al., 1995; Skillicorn 

et al., 1993). Concerning ash, mainly heavy metals accumulation is potentially hazardous (Culley & Epps, 

1973; Goopy & Murray, 2003; van Krimpen et al., 2013). These can accumulate up to high concentrations, 

especially Cd, Cu and Se (Zayed et al., 1998). Biological effluent contains also significant amounts of such 

heavy metals (see Appendix Table 3) (Lemmens et al., 2007; VLM, 2005). Hence, when growth is very slow, 

e.g. at high salt concentrations, dangerously high concentrations in the duckweed tissue may be retrieved. Fiber 

contents were not determined, but slow-growth make us believe that duckweed from these treatments (S4 and 

S5) would exhibit elevated (indigestible) fiber concentrations in its dry weight (Rusoff et al., 1980; Skillicorn 

et al., 1993). This could be detrimental to feed quality, as experienced in various feeding trials (Gutiérrez, 

2000; Haustein et al., 1992; Heuzé & Tran, 2015; Moss, 1999). Hence, despite some high salt treatments render 

relatively satisfying dry biomass, this paragraph points out this doesn’t necessarily mean the harvested 

duckweed is suited as animal feed. A digestion incubation test would be useful to take the feed quality into 

account. 

 

The usage of the N medium, with nitrate as a sole nitrogen source, implies that the biological effluent would 

not contain any other inorganic nitrogen forms, notably NH4
+. From Table 6.11 it is understood that this is not 

always the case. Therefore, a quick (initial) growth and protein content boost of duckweed thanks to the present 

ammonium could be possible, simultaneously enhancing nutrient recovery (J. J. Cheng & Stomp, 2009). This 

is line with the observation of higher nutrient content and yield obtained on organic vs. inorganic medium 

(Chakrabarti et al., 2018). 

 

To end with, afterwards it was considered doubtful to stop the EC6.5 and EC8.0 treatment in experiment 3 and 

4. After oven-drying these treatments unexpectedly appeared to have net produced dry biomass. Hence, in 

following experiments it is recommended to prolong them, e.g. with 20 g fresh inoculum instead of 30 g. This 

would allow the researcher to better estimate time trends (between the weeks) in general, as well as the 

characteristic growth decline within a week.  
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10. Conclusions & Further 

research 
 

The employed Lemna minor culture was evaluated rather salt-sensitive compared to other strains/species found 

in literature, based on chlorophyll breakdown and nutrient release at lower NaCl concentrations. Both salt 

experiments (only NaCl added or NaCl + K2SO4 + Na2SO4 added) incurred at the same sodium concentration 

of ± 32 mM a significant decrease in chlorophyll content. However, when combined salt ions were added, a 

‘salt shock’ effect was perceived with a rapid decline in chlorophyll content, also mirrored in the growth rate. 

For solely NaCl a steady, linear decrease was observed. Change in electrical conductivity of the growth 

solution did not appear to be a very reliable parameter to indicate oxidative salt stress. 

Maximal growth rates in this experimental setup was 4.17 g DW m-2 d-1 (for experiment 5 on S2) and is rather 

low for an artificial medium, when compared to literature values. Nevertheless, comparisons of the treatments 

to the control growth rate on the N medium are valuable and give a good indication of growth inhibition by 

varying salt concentrations. 

 

Based on a 2-week experiment, the employed duckweed is considered capable of producing (dry) biomass on 

the tested NaCl-adjusted N medium solutions. Loss in growth potential over time could not be adequately 

assessed. A heavy increase in starch content of the fronds was induced somewhere between ± 47 and ± 61 mM 

NaCl, lowering crude protein content and nutrient recoveries while maintaining a relatively high dry biomass 

production. Nevertheless, at ± 47 and ± 61 mM NaCl a negative fresh weight growth occurred. Growth on 

5:1:4:1 Na-K-Cl-SO4-adjusted N media did show a decrease in growth potential between both weeks. For the 

tested Na+ and SO4
2- concentrations, a synergetic toxic effect of these salt ions was not observed, as was 

expected from literature. In these combined salt treatments, no significant starch accumulation was suspected. 

In other words, dry weight content did not make up for the decrease in fresh weight in these salt solutions in 

the tested range. 

 

Protein yields declined (significantly) over time compared to the control but were positive for all treatments. 

Generally, protein contents decreased at higher salt concentrations. Based on these two weeks of growth, for 

NaCl media the upper salt limit for protein production was 18.04 mM NaCl, and for the combined salt 

treatments this resulted to be at addition of 25.57 mM NaCl and 3.20 mM Na2SO4 and K2SO4. Crude protein 

contents were found to be high, but probably overestimated due to the applied method. It was also noted that 

a high dry weight growth rate doesn’t necessarily imply a high protein production, since contents might 

decrease fiercely, for example in the case of high starch production at the highest NaCl treatment. 

 

N and P recovery rates were also on the low side in our experiments compared to previous experiments, and 

mostly comparable with outdoor large-scale experiments. Notwithstanding, N and P uptake rates were found 

to be closely linked. 

 

Nitrogen recovery is positive for all treatments, but significantly negatively affected by NaCl starting from 

31.96 mM. It seemed to recover afterwards, but data was lacking to confirm this trend. Significant P recovery 

can only occur up to salt concentrations of 31.96 mM NaCl. The same upper limit was true for sulfur recovery 

in the NaCl experiment. 

 

In the higher mixed salt treatments, the nitrogen recovery balance over both weeks is low but still positive. 

Significant decreases occur from 31.96 mM Na+ onwards. Phosphorus recovery is likewise considered efficient 
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up to addition of 25.57 mM NaCl and 3.20 mM Na2SO4 & K2SO4
 to N medium. A compensatory recovery 

effect (cfr. ‘salt shock’ above) was also observed at the highest mixed salt treatment effect. Elevated sulfur 

contents in the treatments had a positive effect on sulfur recovery. For all treatments, S recovery was positive 

but highest for S3 (± 6.4 mM SO4
2- added). 

 

Taking all purposes of duckweed in a circular system into consideration (biomass and protein production as 

well as mostly N and P recovery), for solely NaCl addition good results were achieved up to 31.96 ≈ 32 mM. 

Protein production is a ± 30-40% lower than for growth on a ‘perfect medium’, however. Based on chlorophyll 

contents, the fronds are yet considered less vibrant at this concentration. 

The combined salt treatment delivers the same (rough) upper sodium limit, including its corresponding 

potassium, chloride and sulfate concentrations. Likewise, protein yields were found to be 15-25% lower 

compared to the control. Oxidative damage had also reduced chlorophyll content at these salt concentrations. 

Phosphorus uptake rate was however significant lower at this concentration -probably due to competition for 

uptake sites with sulfate - but did not yet dropped to near zero as was the case at 46.61 mM Na+. Besides, 

sulfur recovery attained its maximum at this upper limit. If protein yield and phosphorus recovery are of capital 

importance, salt limits would be shifted towards the 18.04 mM Na+ treatment (S2).  

Notice that on the synthetic biological effluent medium with mixed salts growth and recovery parameters were 

generally higher up to this limit, especially for the 1st week. Thus, the mixed salts don’t seem to have a specific 

negative effect on the duckweed, maybe even a positive one, though this statement would need further research. 

 

Resuming, our Lemna minor performed well up to total salt ion concentrations, including those supplied 

through the N medium, of 32.1 mM Na+, 15.4 mM K+, 26.0 mM Cl- and 7.4 mM SO4
2- at a constant N and P 

supply of 10 mM NO3
--N and 1 mM PO4

3--P. N and P can differ in reality, but our values fall roughly within 

the ranges given in the literature review, with nitrate as the dominant mineral nitrogen form. As for the salt 

ions concentrations, these match well with those of undiluted biological effluent (based on unpubl. data from 

IVACO). Only the tested K content is ± 3-5 lower than what could be present in biological effluent. Indeed, 

potassium can have growth-inhibiting effects when present at these concentrations.  

 

Some high salt treatments still render relatively satisfying dry biomass, but it is put forward that in these cases 

special attention should be payed to their feed quality. Fiber content are expected to be higher, protein content 

is found to be lower at the cost of elevated starch levels, and heavy metals might accumulate on biological 

effluent. A digestion incubation test would bring clarity if this reasoned suspicion is indeed correct. 

 

Hence, further research should me mainly geared towards an extra inclusion of K toxicity at high overall salt 

concentrations. Besides, it would be recommended to include a pre-selection of suited duckweed strains for 

this specific purpose Bergmann et al. (2000). This might be very beneficial to growth and nutrient recovery 

performances on these saline wastewaters. An ample stock pool of these should be maintained to this end; a 

more consistent pre-cultivation will enhance reproducibility and inter-experiment comparison. Also, if the 

focus is more on protein production, another TKN-to-CP conversion is recommended as the one applied in 

this research. Here, this was justified since focus was on N recovery, whereas protein production was more 

roughly investigated. Upscaling to a full-size pond system offers possibilities without too much complexities 

concerning the nutrient solution at first sight. Undiluted biological effluent matches well with the upper limit 

for growth and recovery parameters, excepts for possible negative influences of high potassium levels. 

However, other disturbing effects might arise like (bacterial) infections and heavy metal accumulation. This is 

however still unclear and definitely requires further investigation. 

 

Concluding, duckweed (Lemna minor) offers great potential to valorize the widely available biological effluent 

waste stream in Flanders, by recovering nutrients and producing high-protein biomass. Nevertheless, this 

promising application needs more in-depth research to settle itself as a valuable step in the manure processing 

pathway. I thank you for reading. 



 

68 

 

11. References 
Adhikari, U., Harrigan, T., & Reinhold, D. M. (2015). Use of duckweed-based constructed wetlands for 

nutrient recovery and pollutant reduction from dairy wastewater. Ecological Engineering, 78, 6–14. 

https://doi.org/10.1016/j.ecoleng.2014.05.024 

Al-Nozaily, F., Alaerts, G., & Veenstra, S. (2000). Performance of duckweed-covered sewage lagoons-II. 

Nitrogen and phosphorus balance and plant productivity. Water Research, 34(10), 2734–2741. 

https://doi.org/10.1016/S0043-1354(00)00004-X 

Angiosperm Phylogeny Website. (n.d.). Araceae. Retrieved from 

http://www.mobot.org/MOBOT/research/APweb/ 

Appenroth, K. J., Borisjuk, N., & Lam, E. (2013). Telling duckweed apart: Genotyping technologies for the 

Lemnaceae. Chinese Journal of Applied and Environmental Biology, 19(1), 1–10. 

https://doi.org/10.3724/SP.J.1145.2013.00001 

Appenroth, K. J., Krech, K., Keresztes, Á., Fischer, W., & Koloczek, H. (2010). Effects of nickel on the 

chloroplasts of the duckweeds Spirodela polyrhiza and Lemna minor and their possible use in 

biomonitoring and phytoremediation. Chemosphere, 78(3), 216–223. 

https://doi.org/10.1016/j.chemosphere.2009.11.007 

Appenroth, K. J., Sree, K. S., Böhm, V., Hammann, S., Vetter, W., Leiterer, M., & Jahreis, G. (2017). 

Nutritional value of duckweeds (Lemnaceae) as human food. Food Chemistry, 217, 266–273. 

https://doi.org/10.1016/j.foodchem.2016.08.116 

Appenroth, K. J., Teller, S., & Horn, M. (1996). Photophysiology of turion formation and germination in 

Spirodela polyrhiza. Biologia Plantarum, 38(1), 95–106. https://doi.org/10.1007/BF02879642 

Arnon, D. I. (1949). Copper enzymes in isolated chloroplasts - Polyphenoloxidase in Beta vulgaris. Plant 

Physiology, 24(1), 1–15. https://doi.org/10.1126/science.210.4474.1119 

Association Danube Soya. (2018). Donau Soya. Retrieved from http://www.donausoja.org/en/about-us/the-

association/our-aims/ 

BDB. (2009a). Mest zo efficiënt mogelijk gebruiken. 

BDB. (2009b). Overzicht van 15 jaar mestanalyse door de Bodemkundige Dienst van België. 

Bergmann, B. A., Cheng, J., Classen, J., & Stomp, A.-M. (2000a). Nutrient Removal From Swine Lagoon 

Effluent By Duckweed. Transactions of the ASAE, 43(2), 263–269. https://doi.org/10.13031/2013.2701 

Bergmann, B. A., Cheng, J., Classen, J., & Stomp, A. M. (2000b). In vitro selection of duckweed 

geographical isolates for potential use in swine lagoon effluent renovation. Bioresource Technology, 

73(1), 13–20. https://doi.org/10.1016/S0960-8524(99)00137-6 

Bonomo, L., Pastorelli, G., & Zambon, N. (1997). Advantages and limitations of duckweed-based 

wastewater treatment systems. Water Science and Technology, 35(5), 239–246. 

Booth, A. (FEFAC). (2015). FEFAC ’ s approach towards responsible soy, (March). 

Castanheira, É. G., & Freire, F. (2013). Greenhouse gas assessment of soybean production: Implications of 

land use change and different cultivation systems. Journal of Cleaner Production, 54, 49–60. 

https://doi.org/10.1016/j.jclepro.2013.05.026 

Cedergreen, N., & Madsen, T. V. (2002). Nitrogen uptake by the floating macrophyte Lemna minor. New 

Phytologist, 155(2), 285–292. https://doi.org/10.1046/j.1469-8137.2002.00463.x 

Chakrabarti, R., Clark, W. D., Sharma, J. G., Goswami, R. K., Shrivastav, A. K., & Tocher, D. R. (2018). 

Mass Production of Lemna minor and Its Amino Acid and Fatty Acid Profiles. Frontiers in Chemistry, 

6(October), 479. https://doi.org/10.3389/fchem.2018.00479 



 

69 

 

Chang, I.-H. H., Cheng, K.-T. T.-T., Huang, P.-C. C., Lin, Y.-Y. Y., Cheng, L.-J. J., & Cheng, T.-S. S. 

(2012). Oxidative stress in greater duckweed (Spirodela polyrhiza) caused by long-term NaCl exposure. 

Acta Physiologiae Plantarum, 34(3), 1165–1176. https://doi.org/10.1007/s11738-011-0913-7 

Cheng, J., Bergmann, B. A., Classen, J. J., Stomp, A. M., & Howard, J. W. (2002). Nutrient recovery from 

swine lagoon water by Spirodela punctata. Bioresource Technology, 81(1), 81–85. 

https://doi.org/10.1016/S0960-8524(01)00098-0 

Cheng, J. J., & Stomp, A. M. (2009). Growing Duckweed to recover nutrients from wastewaters and for 

production of fuel ethanol and animal feed. Clean - Soil, Air, Water, 37(1), 17–26. 

https://doi.org/10.1002/clen.200800210 

Cheng, J., Landesman, L., Bergmann, B. A., Classen, J. J., Howard, J. W., & Yamamoto, Y. T. (2002). 

Nutrient Removal From Swine Lagoon Liquid By Lemna Minor 8627. Transactions of the ASAE, 

45(4). https://doi.org/10.13031/2013.9953 

Chong, Y., Hu, H., & Qian, Y. (2003). Effect of inorganic nitrogen compounds and pH on the growth of 

duckweed. Huan Jing Ke Xue, 24(4), 35–40. Retrieved from 

http://www.ncbi.nlm.nih.gov/pubmed/14551954 

Clean Water Team (CWT). (2004). Electrical Conductivity / Salinity Fact Sheet. The Clean Water Team 

Guidance Compendium for Watershed Monitoring and Assessment (Vol. 0). https://doi.org/10.5194/os-

14-15-2018 

Committee for the Common Organisation of Agricultural Markets. (2017). Oilseeds and protein crops 

market situation. Retrieved from 

https://ec.europa.eu/agriculture/sites/agriculture/files/cereals/presentations/cereals-oilseeds/market-

situation-oilseeds_en.pdf 

Compeer, A. E. (2017). Rapport Blauwe keten : Eendenkroos richting veevoer. 

Conley, D., & Likens, G. (2009). Controlling Eutrophication: Nitrogen and Phosphorus. Science, 323(5917), 

1014–1015. https://doi.org/10.1126/science.1167755 

Culley, D. D., & Epps, E. A. (1973). Use of Duckweeds for Waste Treatment and Animal Feed. Journal 

(Water Pollution Control Federation), 45(2), 337–347. Retrieved from 

http://www.jstor.org/stable/25037746%0Ahttp://about.jstor.org/terms 

Culley, D. D., Rejmánková, E., Květ, J., & Frye, J. B. (1981). Production, Chemical Quality and Use of 

Duckweeds (Lemnaceae) in Aquaculture, Waste Management, and Animal Feeds. Journal of the World 

Mariculture Society, 12(2), 27–49. https://doi.org/10.1111/j.1749-7345.1981.tb00273.x 

Datko, A. H., & Mudd, S. H. (1984a). Responses of Sulfur-Containing Compounds in Lemna paucicostata 

Hegelm . 6746 to Changes in Availability of Sulfur Sources Published by : American Society of Plant 

Biologists ( ASPB ) Stable URL : https://www.jstor.org/stable/4268701 Linked references are. Plant 

Physiology, 75(2), 474–479. 

Datko, A. H., & Mudd, S. H. (1984b). Sulfate Uptake and Its Regulation in Lemna paucicostata Hegelm. 

6746. Plant Physiology, 75(2), 466–473. https://doi.org/10.1104/pp.81.1.285 

Datko, A. H., Mudd, S. H., & Giovanelli, J. (1980). Development of Standardized Growth Conditions 

Suitable for Biochemical, 906–912. 

De Blauwer, V., & P Vermeulen, P. (2012). Het gebruik van effluent bij aardappelen. 

De Neve, S., & Sleutel, S. (2018). Nutrient Management. 

de Visser, C. L. M., Schreuder, R., Stoddard, F., & Cornelis, D. V. (2014). The EU’s dependency on soya 

bean import for the animal feed industry and potential for EU produced alternatives. Oilseeds & Fats 

Crops and Lipids Journal, 21(4). 

DeBusk, T. A., Peterson, J. E., & Ramesh Reddy, K. (1995). Use of aquatic and terrestrial plants for 

removing phosphorus from dairy wastewaters. Ecological Engineering, 5(2–3), 371–390. 



 

70 

 

https://doi.org/10.1016/0925-8574(95)00033-X 

Denanot, J.-P. (2018). Report on a European strategy for the promotion of protein crops - encouraging the 

production of protein and leguminous plants in the European agricultural sector. A8-0121. 

https://doi.org/10.1080/00344897208656356 

DG Agriculture and Rural Development. (2018). Production, yields and productivity. 

Dhir, B., Sharmila, P., & Saradhi, P. P. (2009). Potential of aquatic macrophytes for removing contaminants 

from the environment. Critical Reviews in Environmental Science and Technology, 39(9), 754–781. 

https://doi.org/10.1080/10643380801977776 

Dhote, S., & Dixit, S. (2009). Water quality improvement through macrophytes - A review. Environmental 

Monitoring and Assessment, 152(1–4), 149–153. https://doi.org/10.1007/s10661-008-0303-9 

Dicht, M., Kopp, A., Feller, U., & Erismann, K. H. (1976). Einfluß von Ammonium und Nitrat auf den 

Proteingehalt von Lemna minor L. unter Photosynthesebedingungen1)1)Die Arbeit wurde unterstützt 

vom Schweizerischen Nationalfonds (Projekt Nr. 3. 428-74). Biochemie Und Physiologie Der Pflanzen, 

170(6), 531–534. https://doi.org/10.1016/S0015-3796(17)30252-4 

Docauer, D. M. (1983). A Nutrient Basis for the Distribution of the Lemnaceae. 

Donoso, N., Boets, P., Michels, E., Goethals, P. L. M., & Meers, E. (2015). Environmental Impact 

Assessment (EIA) of Effluents from Constructed Wetlands on Water Quality of Receiving 

Watercourses. Water, Air, and Soil Pollution, 226(7). https://doi.org/10.1007/s11270-015-2465-8 

Driever, S. M., Van Nes, E. H., & Roijackers, R. M. M. (2005). Growth limitation of Lemna minor due to 

high plant density. Aquatic Botany, 81(3), 245–251. https://doi.org/10.1016/j.aquabot.2004.12.002 

Eaton, F. M. (1942). Toxicity and accumulation of chloride and sulfate salts in plants’. Journal of 

Agricultural Research, 64(7), 357–399. 

Eberius, M., Mennicken, G., Reuter, I., & Vandenhirtz, J. (2002). Sensitivity of different growth inhibition 

tests - just a question of mathematical calculation? Theory and practice for algae and duckweed. 

Ecotoxicology, 11(5), 293–297. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/12463675 

El-Shafai, S. A., El-Gohary, F. A., Nasr, F. A., Peter van der Steen, N., & Gijzen, H. J. (2007). Nutrient 

recovery from domestic wastewater using a UASB-duckweed ponds system. Bioresource Technology, 

98(4), 798–807. https://doi.org/10.1016/j.biortech.2006.03.011 

Ericsson, T., Larsson, C.-M., & Tillberg, E. (1982). Growth Responses of Lemna to Different Levels of 

Nitrogen Limitation. Zeitschrift Für Pflanzenphysiologie, 105(4), 331–340. 

https://doi.org/10.1016/S0044-328X(82)80029-9 

European Commission. (2012). Agri-environmental indicator - Nitrate pollution of water. Eurostat Statistics 

Explained. Retrieved from http://ec.europa.eu/eurostat/statistics-explained/index.php/Agri-

envirohttp://ec.europa.eu/eurostat/statistics-explained/index.php/Agri-environmental_indicator_-

_nitrate_pollution_of_water 

European Commission. (2018). Report from the Commission to the Council and the European Parliament on 

the Development of plant protein in the European Union. 

Eyster, C. (1966). Optimization of the physiological activity (growth rate) of the giant duckweed, Spirodela 

polyrhiza. Monsanto Res. Corp. Dayton Lab Final Report. 

FAO, & WHO. (1973). Energy Requirements and Protein Requierements. FAO Nutrition Meeting Report 

Series 52. 

FAOSTAT. (2013). Food Balance Sheet. Retrieved from http://www.fao.org/faostat/en/#data/FBS 

FEFAC. (2016a). Feed & Food - Statistical Yearbook 2016. 

FEFAC. (2016b). Statistical Yearbook - Feed & Food. 



 

71 

 

FEFAC. (2017a). Annual Report 2016-2017. FEFAC Annual Reports. 

https://doi.org/http://rihed.seameo.org/wp-content/uploads/2017/08/Annual-Report-2016-2017.pdf 

FEFAC. (2017b). The compound feed industry in the EU livestock economy. 

Frick, H. (1985). Micronutrient tolerance and accumulation in the duckweed, Lemna. Journal of Plant 

Nutrition, 8(12), 1131–1145. https://doi.org/10.1080/01904168509363412 

Frick, H., & Golt, C. (1995). Sensitivity of Lemna minor Growth to Osmotic Potential and Relative 

Tolerance of its Callus. Journal of Plant Physiology, 146(5–6), 718–724. 

https://doi.org/10.1016/S0176-1617(11)81938-3 

Ge, X., Zhang, N., Phillips, G. C., & Xu, J. (2012). Growing Lemna minor in agricultural wastewater and 

converting the duckweed biomass to ethanol. Bioresource Technology, 124, 485–488. 

https://doi.org/10.1016/j.biortech.2012.08.050 

Goopy, J. P., & Murray, P. J. (2003). A review on the role of duckweed in nutrient reclamation and as a 

source of animal feed. Asian-Australasian Journal of Animal Sciences, 16(2), 297–305. 

https://doi.org/10.5713/ajas.2003.297 

Gutiérrez, K. (2000). The potential of the aquatic plant Lemna gibba for feeding pigs. Universidad de 

Colima Tecomán. 

Gwaze, F. R., & Mwale, M. (2015). The Prospect of Duckweed in Pig Nutrition: A Review. Journal of 

Agricultural Science, 7(11), 189–199. https://doi.org/10.5539/jas.v7n11p189 

HACH. (2015). Method 8160 Conductivity Probe. 

Halliwell, B. (1987). Oxidative damage, Lipid Peroxidation and Antioxidant Protection in Chloroplasts. 

Chemistry and Physics of Lipids, 44, 327–340. 

Harvey, R. M., Fox, J. L., Harvey, R. M., & Fox, J. L. (1973). Nutrient removal using Lemna minor. Journal 

(Water Pollution Control Federation), 45(9), 1928–1938. 

Hasan, M.R. and Chakrabarti, R. (2009). Use of algae and aquatic macrophytes as feed in small-scale 

aquaculture. A review. FAO Fisheries and Aquaculture Technical Paper (Vol. 531). 

https://doi.org/10.1109/DRPT.2011.5993853 

Häusling, M. (2011). The EU protein deficit: what solution for a long-standing problem? 

Haustein, a T., Gilman, R. H., Skillicorn, P. W., Guevara, V., Díaz, F., Vergara, V., … Gilman, J. B. (1992). 

Compensatory growth in broiler chicks fed on Lemna gibba. The British Journal of Nutrition, 68(2), 

329–335. https://doi.org/10.1079/BJN19920092 

Heuzé, V., & Tran, G. (2015). Duckweed. Retrieved from https://www.feedipedia.org/node/15306 

Heuzé, V., Tran, G., & Kaushik, S. (2017). Soybean meal. Retrieved from 

https://www.feedipedia.org/node/674 

Hicks, L. E., & Graham, W. A. P. (1932). Ranges of pH Tolerance of the Lemnaceae. The Ohio Journal of 

Science, 32(3), 237–244. Retrieved from 

http://hdl.handle.net/1811/2601%5Cnhttp://hdl.handle.net/1811/2556%5Cnhttp://hdl.handle.net/1811/2

569 

Hillman, W. S. (1961). The Lemnaceae , or Duckweeds : A Review of the Descriptive and Experimental 

Literature. Botanical Review, 27(2), 221–287. 

Hillman, W. S., Culley Jr, D. D., & Jr, D. D. C. (1978). The Uses of Duckweed: The rapid growth, 

nutritional value, and high biomass productivity of these floating plants suggest their use in water 

treatment, as feed crops, and in energy-efficient farming. American Scientist, 66(4), 442–451. 

Hopkins, E. F. (1931). Manganese and the growth of Lemna minor. Science, 74(1926), 551–552. 

Hou, W., Chen, X., Song, G., Wang, Q., & Chi Chang, C. (2007). Effects of copper and cadmium on heavy 



 

72 

 

metal polluted waterbody restoration by duckweed (Lemna minor). Plant Physiology and Biochemistry, 

45(1), 62–69. https://doi.org/10.1016/j.plaphy.2006.12.005 

Hoving, I. E. E., Van Schooten, H. A., Holshof, G., Van Houwelingen, K. M. M., & van de Geest, W. 

(2011). Inkuilen van eendenkroos als veevoer met verschillende additieven. Retrieved from 

http://edepot.wur.nl/185846 

Hoving, I. E., Holshof, G. J., & Timmerman, M. (2012). Effluentzuivering met eendenkroos, (September). 

Hoving, I. E., Schooten, H. A. van, Holshof, G., Houwelingen, K. M. van, & Geest, W. van de. (2011). 

Inkuilen van eendenkroos als veevoer met verschillende additieven = Ensiling Duckweed for feed with 

different additives, 30. Retrieved from http://edepot.wur.nl/185846 

Huber, W., & Sankhla, N. (1979). Effect of Sodium Chloride on Photosynthesis of Lemna minor L. 

Zeitschrift Für Pflanzenphysiologie, 91(2), 147–156. https://doi.org/10.1016/S0044-328X(79)80089-6 

Ingemarsson, B., Johansson, L., & Larsson, C. ‐M. (1984). Photosynthesis and nitrogen utilization in 

exponentially growing nitrogen‐limited cultures of Lemna gibba. Physiologia Plantarum, 62(3), 363–

369. https://doi.org/10.1111/j.1399-3054.1984.tb04587.x 

ISCDRA. (2015). Newsletter for the Community of Duckweed Research and Applications. Community of 

Duckweed Research and Applications Forum, 3(4), 169–203. 

Joy, K. W. (1969). Nitrogen Metabolism of Lemna minor. I. Growth, Nitrogen Sources and Amino Acid 

Inhibition 1. Plant Physiology, 44(6), 845–848. https://doi.org/10.1104/pp.44.6.845 

Kalifa, A., Barthakur, N. N., & Donnelly, D. J. (2000). Phosphorus reduces salinity stress in micropropated 

potato. American Journal of Potato Research, 77(3), 179–182. https://doi.org/10.1007/BF02853942 

Keppeler, E. C. (2009). Toxicity of sodium chloride and methyl parathion on the macrophyte Lemna minor 

(Linnaeus, 1753) with respect to frond number and chlorophyll. Biotemas, 22(3), 27–33. 

Kielak, E., Sempruch, C., Mioduszewska, H., Klocek, J., & Leszczyński, B. (2011). Phytotoxicity of 

Roundup Ultra 360 SL in aquatic ecosystems: Biochemical evaluation with duckweed (Lemna minor 

L.) as a model plant. Pesticide Biochemistry and Physiology, 99(3), 237–243. 

https://doi.org/10.1016/j.pestbp.2011.01.002 

Körner, S., Das, S. K., Veenstra, S., & Vermaat, J. E. (2001). The effect of pH variation at the ammonium / 

ammonia equilibrium in wastewater and its toxicity to Lemna gibba, 71, 71–78. 

Körner, S., Vermaat, J. E., & Veenstra, S. (2003a). The Capacity of Duckweed to Treat Wastewater : 

Ecological Considerations for a Sound Design. Journal of Environment Quality, 32(5), 1583–1590. 

https://doi.org/10.2134/jeq2003.1583 

Körner, S., Vermaat, J. E., & Veenstra, S. (2003b). The Capacity of Duckweed to Treat Wastewater. Journal 

of Environment Quality, 32(5), 1583. https://doi.org/10.2134/jeq2003.1583 

KPMG. (2013). Sustainable insight: A roadmap to responsible soy, (May). 

Kroes, H., & Kuepper, B. (2015). Mapping the soy supply chain in Europe. 

Kroes, K., Huurman, S., Visser, C. de, Hemke, G., Liere, J. van, Top, N. van den, & Wilt, J. de. (2016). De 

ECOFERM Kringloopboerderij in de praktijk. 

Kufel, L., Strzałek, M., & Przetakiewicz, A. (2018). Plant response to overcrowding – Lemna minor 

example. Acta Oecologica, 91(June), 73–80. https://doi.org/10.1016/j.actao.2018.06.007 

Lam, E., Appenroth, K. J., Michael, T., Mori, K., & Fakhoorian, T. (2014). Duckweed in bloom: The 2nd 

International Conference on Duckweed Research and Applications heralds the return of a plant model 

for plant biology. Plant Molecular Biology, 84(6), 737–742. https://doi.org/10.1007/s11103-013-0162-

9 

Landolt, E. (1986). Biosystematic Investigations in the Family of Duckweeds, Lemnaceae: The family of 

Lemnaceae, a monographic study. Vol. 1: Morphology, karyology, ecology, geographic distribution, 



 

73 

 

systematic position, nomenclature, descriptions, Volume 2 (Vol. 1). 

https://doi.org/https://doi.org/10.1007/BF02853200 

Landolt, E., & Kandeler, R. (1987). Biosystematic investigations in the family of duckweeds (Lemnaceae), 

Vol. 4: The family of Lemnaceae-a monographic study, Vol. 2 (phytochemistry, physiology, 

application, bibliography). Veroeffentlichungen Des Geobotanischen Instituts Der ETH, Stiftung 

Ruebel, 4. 

Lemmens, B., Ceulemans, J., Elslander, H., Vanassche, S., Vrancken, K., & Brauns, E. (2007). Beste 

Beschikbare Technieken (BBT) voor mestverwerking. Retrieved from https://docplayer.nl/3351865-

Beste-beschikbare-technieken-bbt-voor-mestverwerking.html 

Leng, R. A. a. (1999). Duckweed: A tiny aquatic plant with enormous potential for agriculture and 

environment. Fao-Aga. https://doi.org/10.1016/j.imavis.2004.07.005 

Leng, R. A., Stambolie, J. H., & Bell, R. (1995). Duckweed - a potential high-protein feed resource for 

domestic animals and fish. Livestock Research for Rural Development, 7(1), 1–10. 

Les, D. H., Crawford, D. J., Landolt, E., Gabel, J. D., & Rebecca, T. (2002). Phylogeny and Systematics of 

Lemnaceae, the Duckweed Family. Systematic Botany, 27(2), 221–240. 

Lichtenthaler, H. K. (1987). Chlorophylls and Carotenoids: Pigments of Photosynthetic Biomembranes. 

Methods in Enzymology, 148, 350–382. https://doi.org/10.1016/0076-6879(87)48036-1 

Liu, C., Dai, Z., & Sun, H. (2017). Potential of duckweed (Lemna minor) for removal of nitrogen and 

phosphorus from water under salt stress. Journal of Environmental Management, 187, 497–503. 

https://doi.org/10.1016/j.jenvman.2016.11.006 

Liu, C., Gu, W., Dai, Z., Li, J., Jiang, H., & Zhang, Q. (2018). Boron accumulation by Lemna minor L. under 

salt stress. Scientific Reports, 8(1), 1–6. https://doi.org/10.1038/s41598-018-27343-y 

Liu, Y., Sanguanphun, T., Yuan, W., Cheng, J., & Meetam, M. (2017). The biological responses and metal 

phytoaccumulation of duckweed Spirodela polyrhiza to manganese and chromium. Environmental 

Science and Pollution Research, 24(23), 19104–19113. 

Lüönd, A. (1980). Effects of nitrogen and phosphorus upon the growth of some Lemnaceae. Biosystematic 

Investigations in the Family of Duckweeds (Lemnaceae). Veröffentlichungen Des Geobotanischen 

Institutes Der ETH, Zürich, 1, 118–141. 

Lüönd, A. (1983). Das Wachstum von Wasserlinsen(Lemnaceae) in Abhängigkeit des Nährstoffangebots, 

insbesondere Phosphor und Stickstoff. Diss. ETH Nr. 7302. https://doi.org/10.3929/ETHZ-B-

000225616 

Manitoba Agriculture. (2009). Manure Nutrients and their Behaviour in Soil. 

Martin, G. (1963). Differences Specifiques entre les besoins quantitatifs en chlore de Lemna minor, L. 

perpusilla et Spirodela polyrrhiza. Plant and Soil, 18(2). 

Martin, G., & Lavollay, J. (1958). Le chlore, oligo-élélement indispensable pour Lemna minor. Experientia, 

14(9), 333–334. 

Mazen, A. M. A., Zhang, D., & Franceschi, V. R. (2004). Calcium oxalate formation in Lemna minor: 

Physiological and ultrastructural aspects of high capacity calcium sequestration. New Phytologist, 

161(2), 435–448. https://doi.org/10.1111/j.1469-8137.2004.00923.x 

Mccann, M. J. (2016). Response diversity of free-floating plants to nutrient stoichiometry and temperature: 

growth and resting body formation. PeerJ, 4, 1–17. https://doi.org/10.7717/peerj.1781 

McLay, C. L. (1976). The effect of pH on the population growth of three species of duckweed: Spirodela 

oligorrhiza, Lemna minor and Wolffia arrhiza. Freshwater Biology, 6(2), 125–136. 

https://doi.org/10.1111/j.1365-2427.1976.tb01596.x 

Meers, E., Rousseau, D. P. L., Blomme, N., Lesage, E., Du Laing, G., Tack, F. M. G., … Verloo, M. G. 

(2005). Tertiary treatment of the liquid fraction of pig manure with Phragmites australis. Water, Air, 



 

74 

 

and Soil Pollution, 160, 15–26. 

Meers, E., Tack, F. M. G., Tolpe, I., & Michels, E. (2008). Application of a full-scale constructed wetland 

for tertiary treatment of piggery manure: Monitoring results. Water, Air, and Soil Pollution, 193(1–4), 

15–24. https://doi.org/10.1007/s11270-008-9664-5 

Michels, E., Meers, E., Tack, F., & Tolpe, I. (2010). Constructed wetlands : mestverwerking , landbouw en 

natuur gaan hand in hand. 

Mohedano, R. A., Costa, R. H. R. R., Tavares, F. A., & Belli Filho, P. (2012). High nutrient removal rate 

from swine wastes and protein biomass production by full-scale duckweed ponds. Bioresource 

Technology, 112, 98–104. https://doi.org/10.1016/j.biortech.2012.02.083 

Monette, F., Lasfar, S., Millette, L., & Azzouz, A. (2006). Comprehensive modeling of mat density effect on 

duckweed (Lemna minor) growth under controlled eutrophication. Water Research, 40(15), 2901–

2910. https://doi.org/10.1016/j.watres.2006.05.026 

Moreno, P., Aral, H., & Vecchio-Sadus, A. (2009). Environmental Impact and Toxicology of Sulphate. In 

Enviromine. 

Moss, M. E. (1999). Economics and feed value of integrating duckweed production with a swine operation. 

https://doi.org/10.1001/archopht.117.12.1661 

Mulder, C., & Hendriks, A. J. (2014). Half-saturation constants in functional responses. Global Ecology and 

Conservation, 2, 161–169. https://doi.org/10.1016/j.gecco.2014.09.006 

Mulder, S., Svingen, C., & Grayson, J. (2016). Soy Scorecard. 

Mulder, W. (2010). Proteins in biomass streams. Platform groene grondstoffen. 

Müller, M. (1983). Oekophysiologische Untersuchungen zum StickstoffUmsatz verschiedener Lemnaceen. 

Naumann, B., Eberius, M., & Appenroth, K. J. (2007). Growth rate based dose-response relationships and 

EC-values of ten heavy metals using the duckweed growth inhibition test (ISO 20079) with Lemna 

minor L. clone St. Journal of Plant Physiology, 164(12), 1656–1664. 

https://doi.org/10.1016/j.jplph.2006.10.011 

Navarro, J. M., Botella, M. A., Cerdá, A., & Martinez, V. (2001). Phosphorus uptake and translocation in 

salt-stressed melon plants. Journal of Plant Physiology, 158(3), 375–381. https://doi.org/10.1078/0176-

1617-00147 

Ngo, V. (1987). Boosting Pond Performance with Aquaculture. Operations Forum, 4(20). 

OECD. (2002). Lemna sp. Growth Inhibition Test. Oecd Guidelines for the Testing of Chemicals, (July), 22. 

https://doi.org/10.1787/9789264016194-en 

Oron, G., & Willers, H. (1989). Effect of wastes quality on treatment efficiency with duckweed. Water 

Science and Technology, 21(6–7–7 pt 2), 639–645. https://doi.org/10.1016/j.pocean.2018.05.006 

Oukarroum, A., Bussotti, F., Goltsev, V., & Kalaji, H. M. (2015). Correlation between reactive oxygen 

species production and photochemistry of photosystems I and II in Lemna gibba L. plants under salt 

stress. Environmental and Experimental Botany, 109, 80–88. 

https://doi.org/10.1016/j.envexpbot.2014.08.005 

Panda, S. K., & Upadhyay, R. K. (2004). Salt stress injury induces oxidative alterations and antioxidative 

defence in the roots of Lemna minor. Biologia Plantarum, 48(2), 249–253. 

https://doi.org/10.1023/B:BIOP.0000033452.11971.fc 

Pettigrew, J. E., Soltwedel, K. T., Miguel, J. C., & Palacios, M. F. (n.d.). Soybean Use – Swine. 

Radić, S., & Pevalek-Kozlina, B. (2010). Effects of osmotic stress on antioxidative system of duckweed 

(Lemna minor L). Periodicum Biologorum, 112(3), 293–299. 

Reed, S. C., Crites, R. W., & Middlebrooks, E. J. (1988). Natural systems for waste management and 



 

75 

 

treatment. 

Reich, M., Aghajanzadeh, T., Helm, J., Parmar, S., Hawkesford, M. J., & De Kok, L. J. (2017). Chloride and 

sulfate salinity differently affect biomass, mineral nutrient composition and expression of sulfate 

transport and assimilation genes in Brassica rapa. Plant and Soil, 411(1–2), 319–332. 

https://doi.org/10.1007/s11104-016-3026-7 

Rennenberg, H. (1984). The Fate of Excess Sulfur in Higher Plants. Annual Review of Plant Physiology, 

35(1), 121–153. https://doi.org/10.1146/annurev.pp.35.060184.001005 

Rusoff, L. L., Blakeney, E. W. J., & Culley, D. D. J. (1980). Duckweeds (Lemnaceae family): A Potential 

Source of Protein and amino Acids. J. Agric. Food Chem., 28(4), 848–850. 

https://doi.org/10.1021/jf60230a040 

Schreuder, R., & De Visser, C. (2014). EIP-AGRI Focus Group Protein Crops : final report. 

Sigurnjak, I., Michels, E., Crappé, S., Buysens, S., Tack, F. M. G., & Meers, E. (2016). Utilization of 

derivatives from nutrient recovery processes as alternatives for fossil-based mineral fertilizers in 

commercial greenhouse production of Lactuca sativa L. Scientia Horticulturae, 198, 267–276. 

https://doi.org/10.1016/j.scienta.2015.11.038 

Sikorski, Ł., Piotrowicz-Cieślak, A. I., & Adomas, B. (2013). Phytotoxicity of sodium chloride towards 

common duckweed (Lemna Minor L.) and yellow lupin (Lupinus Luteus L.). Archives of 

Environmental Protection, 39(2), 117–128. https://doi.org/10.2478/aep-2013-0018 

Simmons, J. A. (2012). Toxicity of major cations and anions (Na+, K+, Ca2+, Cl-, and SO42-) to a 

macrophyte and an alga. Environmental Toxicology and Chemistry, 31(6), 1370–1374. 

https://doi.org/10.1002/etc.1819 

Skillicorn, P., Spira, W., & Journey, W. (1993). Duckweed Aquaculture - A new aquatic farming fystem for 

developing countries. https://doi.org/10.1016/j.amepre.2008.02.012 

Soortenbank. (n.d.). Klein Kroos (Lemna minor). Retrieved from 

http://www.soortenbank.nl/soorten.php?soortengroep=flora_nl_v2&menuentry=soorten&id=290&tab=

beschrijving 

Sree, K. S., Adelmann, K., Garcia, C., Lam, E., & Appenroth, K. J. (2015). Natural variance in salt tolerance 

and induction of starch accumulation in duckweeds. Planta, 241(6), 1395–1404. 

https://doi.org/10.1007/s00425-015-2264-x 

Sree, K. S., & Appenroth, K. (2014). Increase of starch accumulation in the duckweed Lemna minor under 

abiotic stress. Albanian Journal of Agriculture Science, (Special Edition), 11–14. 

Statista. (2016). Meat self-sufficiency rate in the European Union (EU-28) from 2000 to 2015, by type of 

meat. 

Steinberg, R. A. (1946). Mineral requirements of Lemna minor. Plant Physiology, 21(1), 42–48. 

Strauss, R. (1976). Effet de divers sels alcalins sur la croissance et la nutrition minérale de Lemna minor L. 

Internationale Revue Der Gesamten Hydrobiologie Und Hydrographie, 61(5), 673–676. 

Tallentire, C. W., Mackenzie, S. G., & Kyriazakis, I. (2018). Can novel ingredients replace soybeans and 

reduce the environmental burdens of European livestock systems in the future? Journal of Cleaner 

Production, 187, 338–347. https://doi.org/10.1016/j.jclepro.2018.03.212 

Thellier, M., & Le Guiel, J. (1967). Étude, grâce à l’isotope stable 10B, de l’absorption du borate par la 

Lemna minor L. Comptes Rendus Hebdomadaires Des Séances de l ’ Académie Des Sciences, Série B, 

264(2), 292–295. 

Toyama, T., Hanaoka, T., Tanaka, Y., Morikawa, M., & Mori, K. (2018). Comprehensive evaluation of 

nitrogen removal rate and biomass, ethanol, and methane production yields by combination of four 

major duckweeds and three types of wastewater effluent. Bioresource Technology, 250(November 

2017), 464–473. https://doi.org/10.1016/j.biortech.2017.11.054 



 

76 

 

Twilley, R. R., & Barko, J. W. (1990). The Growth of Submersed Macrophytes under Experimental Salinity 

and Light Conditions. Estuaries, 13(3), 311–321. 

Van Der Meijden, R. (Ruud), Bruinsma, J., Vermeulen, J., & Heukels, H. (2005). Heukels’ Flora van 

Nederland. 

van der Spiegel, M., Noordam, M. Y., & van der Fels-Klerx, H. J. (2013). Safety of novel protein sources 

(insects, microalgae, seaweed, duckweed, and rapeseed) and legislative aspects for their application in 

food and feed production. Comprehensive Reviews in Food Science and Food Safety, 12(6), 662–678. 

https://doi.org/10.1111/1541-4337.12032 

van Krimpen, M. M., Bikker, P., van der Meer, I. M. M., van der Peet-Schwering, C. M. C., & Vereijken, J. 

M. M. (2013). Cultivation, processing and nutritional aspects for pigs and poultry of European protein 

sources as alternatives for imported soybean products. 

Van Landuyt, W. (2007). Herkenning van de vier in België voorkomende drijvende Lemna-soorten. 

Dumortiera, 91, 16–20. 

VCM. (n.d.). Folder Effluent. 

VCM. (2015). Effluent. 

VCM. (2016). VCM-Enquête - Operationele Stand van Zaken Mesterverwerking in Vlaanderen 2016. 

VCM. (2017a). VCM-Enquête - Operationele Stand van Zaken - Mestverwerking in Vlaanderen 2016. 

VCM. (2017b). Visienota VCM - Transitie in Mestverwerking. 

VCM. (2018a). Code van goede praktijk - Verkrijgen van betrouwbare en stabiele effluentsamenstelling na 

biologische verwerking van mest. 

VCM. (2018b). Jaarverslag VCM 2017. 

Vermaat, J. E. J., & Hanif, M. K. (1998). Performance of common duckweed species (Lemnaceae) and the 

waterfern Azolla filiculoides on different types of waste water. Water Research, 32(9), 2569–2576. 

https://doi.org/10.1016/S0043-1354(98)00037-2 

VLM. (n.d.-a). Focusgebieden. Retrieved from 

https://www.vlm.be/nl/themas/Mestbank/bemesting/gronden/kwetsbare_gebieden/focusgebieden/Pagin

as/default.aspx 

VLM. (n.d.-b). Wat is mestverwerking? Retrieved from 

https://www.vlm.be/nl/themas/Mestbank/mest/mestbewerking_verwerking/wat_is_mestverwerking/Pag

inas/default.aspx 

VLM. (2005). Valorisatie van Resteffluenten afkomstig van de Mestverwerking (Vol. 2). 

VLM. (2013). Demetertool. 

VLM. (2018a). Mestrapport 2017. Retrieved from 

https://www.vlm.be/nl/SiteCollectionDocuments/Publicaties/mestbank/Mestrapport_2017.pdf 

VLM. (2018b). Normen en richtwaarden 2018. Retrieved from www.vlm.be 

Wang, W., Yang, C., Tang, X., Gu, X., Zhu, Q., Pan, K., … Ma, D. (2014). Effects of high ammonium level 

on biomass accumulation of common duckweed Lemna minor L. Environmental Science and Pollution 

Research, 21(24), 14202–14210. https://doi.org/10.1007/s11356-014-3353-2 

Wedge, R. M., & Burris, J. E. (1982). Effects of Light and Temperature on Duckweed Photosynthesis. 

Aquatic Botany, 12(199), 133–140. 

Wendeou, S. P. H., Aina, M. P., Crapper, M., Adjovi, E., & Mama, D. (2013). Influence of Salinity on 

Duckweed Growth and Duckweed Based Wastewater Treatment System. Journal of Water Resource 

and Protection, 05(10), 993–999. https://doi.org/10.4236/jwarp.2013.510103 



 

77 

 

Westhoek, H., Trudy, R., van den Berg, M., Janse, J., Nijdam, D., Reudink, M., & Stehfest, E. (2011). The 

Protein Puzzle. 

White, P. J., & Brown, P. H. (2010). Plant nutrition for sustainable development and global health. Annals of 

Botany, 105(7), 1073–1080. https://doi.org/10.1093/aob/mcq085 

Willem, J., Grinsven, H. Van, Grizzetti, B., Bouraoui, F., Powlson, D., Sutton, M. A., … Reis, S. (2011). The 

European nitrogen problem in a global perspective. The European Nitrogen Assessment. 

WWF. (2014). The Growth of Soy Impacts and Solutions. WWF Report. https://doi.org/978-2-940443-79-6 

Xu, J., Cui, W., Cheng, J. J., & Stomp, A. M. (2011). Production of high-starch duckweed and its conversion 

to bioethanol. Biosystems Engineering, 110(2), 67–72. 

https://doi.org/10.1016/j.biosystemseng.2011.06.007 

Xu, J., & Shen, G. (2011). Growing duckweed in swine wastewater for nutrient recovery and biomass 

production. Bioresource Technology, 102(2), 848–853. https://doi.org/10.1016/j.biortech.2010.09.003 

Yan, B., Dai, Q., Liu, X., Huang, S., & Wang, Z. (1996). Flooding-induced membrane damage, lipid 

oxidation and activated oxygen generation in corn leaves. Plant and Soil, 179(2), 261–268. 

https://doi.org/10.1007/BF00009336 

Yermiyahu, U., Ben-Gal, A., Keren, R., & Reid, R. J. (2008). Combined effect of salinity and excess boron 

on plant growth and yield. Plant and Soil, 304(1–2), 73–87. https://doi.org/10.1007/s11104-007-9522-z 

Yin, Y., Yu, C., Yu, L., Zhao, J., Sun, C., Ma, Y., & Zhou, G. (2015). The influence of light intensity and 

photoperiod on duckweed biomass and starch accumulation for bioethanol production. Bioresource 

Technology, 187, 84–90. https://doi.org/10.1016/j.biortech.2015.03.097 

Zayed, A., Gowthaman, S., & Terry, N. (1998). Phytoaccumulation of Trace Elements by Wetland Plants: I. 

Duckweed. Journal of Environment Quality, 27(3), 715–721. 

https://doi.org/10.2134/jeq1998.00472425002700030032x 

Zhao, Y., Fang, Y., Jin, Y., Huang, J., Bao, S., Fu, T., … Zhao, H. (2014). Potential of duckweed in the 

conversion of wastewater nutrients to valuable biomass: A pilot-scale comparison with water hyacinth. 

Bioresource Technology, 163, 82–91. https://doi.org/10.1016/j.biortech.2014.04.018 

Zhao, Y., Fang, Y., Jin, Y., Huang, J., Bao, S., Fu, T., … Zhao, H. (2015). Pilot-scale comparison of four 

duckweed strains from different genera for potential application in nutrient recovery from wastewater 

and valuable biomass production. Plant Biology, 17(s1), 82–90. https://doi.org/10.1111/plb.12204 

Zhao, Z., Shi, H., Liu, C., Kang, X., Chen, L., Liang, X., & Jin, L. (2018). Duckweed diversity decreases 

heavy metal toxicity by altering the metabolic function of associated microbial communities. 

Chemosphere, 203, 76–82. https://doi.org/10.1016/j.chemosphere.2018.03.175 

Zhao, Z., Shi, H., Liu, Y., Zhao, H., Su, H., Wang, M., & Zhao, Y. (2014). The influence of duckweed 

species diversity on biomass productivity and nutrient removal efficiency in swine wastewater. 

Bioresource Technology, 167, 383–389. https://doi.org/10.1016/j.biortech.2014.06.031 

Zhu, J.-K. (2007). Plant Salt Stress. Encyclopedia of Life Sciences, 1–3. 

https://doi.org/10.1002/9780470015902.a0001300.pub2 

Ziegler, P., Adelmann, K., Zimmer, S., Schmidt, C., & Appenroth, K. J. (2015). Relative in vitro growth 

rates of duckweeds (Lemnaceae) - the most rapidly growing higher plants. Plant Biology, 17(s1), 33–

41. https://doi.org/10.1111/plb.12184 

Zimmermann, M.-A. (1981). Einfluss von Calcium und Magnesium auf das Wachstum von 

mitteleuropäischen Lemnaceen- Arten. Berichte Des Geobotanischen Institutes Der Eidg. Techn. 

Hochschule, Stiftung Rübel, 48, 120_160. 

Zimmo, O. R., Van Der Steen, N. P., & Gijzen, H. J. (2004). Nitrogen mass balance across pilot-scale algae 

and duckweed-based wastewater stabilisation ponds. Water Research, 38(4), 913–920. 

https://doi.org/10.1016/j.watres.2003.10.044 



 

78 

 

Zirschky, J., & Reed, S. C. (1988). The use of duckweed for wastewater treatment. Journal (Water Pollution 

Control Federation), 60(7), 1253–1258. 

 

 

 

 

 

 

 

 

 

 

 

 

12. Appendix 
 Literature review 

 
Appendix Table 1: Protein supply quantity in human diets in 2013 in the EU by animal and vegetal products, and by the most 

important product groups (FAOSTAT, 2013) 

Product  Quantity (g capita-1 d-1) 

Animal Products  60.38 

  > Meat 27.75 

  > Milk (excl. butter) 20.47 

  > Fish, Seafood 6.6 

  > Eggs  3.74 

  > Other 1.82 

Vegetal Products  43.47 

  > Cereals (excl. beer) 29.24 

  > Vegetables 3.55 

  > Starchy Roots 2.87 

  > Pulses 1.66 

  > Oil crops 1.16 

  > Other 4.99 

Grand total  103.85 
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Appendix Table 2: Summary of EU produced protein sources, giving an idea on the maximal possible yield in the EU, its protein yield, protein content on dry matter basis, as well as (some of) its strengths and weaknesses. 

Data were extracted from W. Mulder (2010), R Schreuder & De Visser (2014b), van Krimpen et al. (2013). Yields are on the broad EU-level, and ranges were extended when differing values were found in both sources. 

Protein source Max. EU 

yield (tons 

DW ha-1 y-1) 

Protein yield 

(tons DW ha-1 

y-1) 

Protein 

content (% 

of DW) 

Assets (+)   

Breed/cultivation 

Bottlenecks (-) 

Nutrition (vs. soybean) 

 

Processing 

Oil seeds  

Soybean 1.5-3 0.6-1.2 40% 

Meal: 45-

50% 

Protein-rich 

AA profile 

N fixation 

Oil 

Cv. with short growing season 

EU yields not competitive 

High(er) water content 

Rotation 

ANFs (phytate, protease 

inhibitors etc.) 

Low in Met and Cys 

 

Rapeseed 3 0.75 20-25% 

Meal: 30-

40% 

Protein quality 

Oil 

Concentrate 

promising 

Lower level ANF High in ANFs (phytate, 

phenolic compounds, 

glycosinolates etc.) 

High in fibers 

 

Isolation of 

protein 

Lower protein 

concentrate 

Sunflower 3 0.7 20-25% 

Meal: 30-

50% 

Oil  Very high in phenolic 

compounds (polyphenols) 

Low in Lys 

Concentrate 

less attractive 

Grain legumes (pulses) 

Pea ~4000-5000 1-2 25% N fixation 

Dry fractionation 

promising 

Pathogens, Pests 

Lodging 

Rotation 1/5 

Breeding lagging 

Lower in Met & Lys 

ANFs (phytate, lectines, 

protease inhibitors) 

Protein 

preparation  

food 

Faba bean ~5000-6500 1-2 17-35%? N fixation 

Dry fractionation 

promising 

Drought 

Pathogens, Pests 

Lodging 

Rotation 1/5 or 1/6 

Lower in Met & Lys Protein 

preparation  

food 

Chickpea ~1400 ? 21% N fixation Pathogens, Pests 

 

Low in Met & Lys 

ANFs (protease inhibitors, 

lectins, polyphenols) 

Protein 

preparation  

food 
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Lupine ~1000-5000 1-2 35% N fixation Pathogens, Pests 

Lower alkaloids 

Low in Met 

ANFs (toxic alkaloids) 

 

Forage legume 

Lucerne/alfalfa 13 2.5 19% N fixation 

Protein extract: 

>50% 

Water content 

Multi-leaf var. 

Pathogens 

 Drying step 

needed: costly 

Cereals 

Oats 3-5 0.4-0.75 12-15% Well adapted 

Robust crop 

Higher yield 

Lodging 

 Small  dry 

fractionation 

hard 

Quinoa 3 0.4-0.5 12-18% Nutritious for a 

cereal (lysine, Ca, 

P, Fe) 

Var. lower in saponin ANF (saponin) Remove 

saponin 

Small  dry 

fractionation 

hard 

Leaf proteins 

Sugar beet 4.5 0.5 12% Left-over Fairly high Met and Lys  Drying 

Leaf 

seasonality 

Low-value co-

products 

Grass 10-15 1.2-2 10-12%  Fairly high Met and Lys  

Aquatic proteins 

Microalgae 15-30 4-15 25-55% Biodiesel 

production 

Oil, secondary 

metabolites 

In basins 

Good Met & Lys 

Research on cultivation conditions 

and selection 

High production costs 

 Harvesting 

Biorefining 

(cellulosic cell 

wall) 

Macroalgae 25 2.5-7.5 10-30% High value 

compounds 

Fertilizer 
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Duckweed 30-40 

 

10-18 25-45% Wastewater 

treatment 

Feed use 

Fertilizer 

In basins 

Protein/ha 10x > 

soybean 

Rapid growth 

Good AA profile 

Roughage (cows) 

 Research on digestibility and 

ANFs 

Drying! (6-8% 

DW) 

Biorefining 

Insects   50% Fast growth on 

organic waste 

  Cost unknown 
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 EXP2 Absolute growth rate 
 

 

Appendix Table 3: Concentrations of heavy metals in the effluent of biological treatment, monitored in the period 2002-

2004 by the Belgian Soil Service (BDB), in assignment of the Flemish Land Company (VLM) (VLM, 2005). 

Heavy metal Min (µg L-1) Average (µg L-1) Max (µg L-1) 

As < 72.9 < 72.9 < 72.9 

Cd 7.3 9.1 15.0 

Cr 72.9 131.8 217.2 

Cu 1144.5 2286.1 4172.8 

Ni 263 491.9 708.6 

Pb < 72.9 < 72.9 < 72.9 

Zn 1229.1 3093.3 4600.0 

Hg < 1.5 < 1.5 < 1.5 

2.45*

2.30
2.43

3.11

2.59 2.67

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

0.5 1 2

A
b

so
lu

te
 g

ro
w

th
 r

at
e

(g
 D

W
 m

-2
d

-1
)

Time treatment (hours until inoculation)

(A) Growth recovery - Absolute growth rate Drip

Soak

Appendix Figure 1: Absolute growth rate based on dry weight for the duckweed in Experiment 2 on growth recovery. Duckweed 

was subjected to two treatments: a time treatment, indicating how much time after harvest from the pond the plants were 

inoculated in the N medium (0.5, 1 and 2 hours), and a storage treatment, indicating how the plants were stored in the meantime 

(in a landing net – ‘Drip’, or in a bucket – ‘Soak’). Significant differences between storage treatment for identical time 

treatments are marked with ‘*’. No significant differences between time treatments for the same storage treatment were found. 

Data were analyzed via a two-way ANOVA followed by pairwise interaction testing with BH correction. Significance level α 

= 0.05, n = 3 for all treatment combinations. Error bars represent standard deviations. 
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 EXP3 N and P recovery 
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Appendix Figure 2: Nitrogen and phosphorus recovery through duckweed uptake for experiment 3 (+ NaCl). Significant 

differences between salt treatments are indicated by different letters, significant differences for the same salt treatment between 

the weeks are indicated with ‘*’ next to the uppercase letters. Differences between salt treatments were analyzed via one-way 

ANOVA followed by Tukey HSD Test, whereas pairwise differences for the same treatment between weeks were analyzed 

through paired t-tests. In (D), for week 2 Welch’s ANOVA followed by Benjamini-Hochberg adjusted pairwise t-tests were 

applied. The significance level was α = 0.05; n = 4 for all data points. Error bars represent standard deviations. 
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Appendix Table 4: dry weight content (DW%), relative growth rate based on dry weight (RDWGR), absolute growth rate based on dry weight (GR), protein yield (protY) and nitrogen, phosphorus and sulfur 

recovery (resp. Nrec, Prec and Srec) of the duckweed in both weeks of experiment 3, 4 and 5. Values are given with their respective standard deviation, n = 4. 

 DW%  RDWGR  GR  protY  Nrec  Prec  Srec  

EXPERIMENT 3 (% of DW) (d-1) 
 

(g m-2 d-1) (g m-2 d-1) (g m-2 d-1) (g m-2 d-1) (g m-2 d-1) 

EC1.5   
            

week1 0.066 ± 0.002 0.070 ± 0.008 3.15 ± 0.48 0.29 ± 0.05 0.17 ± 0.03 0.023 ± 0.015 0.013 ± 0.004 

week2 0.052 ± 0.004 0.051 ± 0.008 2.53 ± 0.45 0.28 ± 0.05 0.15 ± 0.02 0.043 ± 0.010 0.019 ± 0.002 

EC3.5   
            

week1 0.069 ± 0.004 0.048 ± 0.007 2.00 ± 0.37 0.17 ± 0.04 0.09 ± 0.03 0.005 ± 0.002 0.003 ± 0.002 

week2 0.054 ± 0.011 0.048 ± 0.006 2.34 ± 0.36 0.25 ± 0.04 0.15 ± 0.04 0.042 ± 0.024 0.019 ± 0.006 

EC5.0   
            

week1 0.071 ± 0.003 0.060 ± 0.008 2.61 ± 0.41 0.22 ± 0.04 0.10 ± 0.03 0.014 ± 0.010 0.008 ± 0.004 

week2 0.058 ± 0.004 0.045 ± 0.008 2.17 ± 0.42 0.23 ± 0.04 0.13 ± 0.02 0.020 ± 0.014 0.013 ± 0.004 

EC6.5   
            

week1 0.078 ± 0.006 0.049 ± 0.004 2.08 ± 0.19 0.17 ± 0.02 0.07 ± 0.02 -0.002 ± 0.005 0.003 ± 0.001 

week2 - - - - - - - - - - - - - - 

EC8.0   
            

week1 0.115 ± 0.007 0.049 ± 0.007 2.07 ± 0.36 0.15 ± 0.02 0.04 ± 0.01 -0.009 ± 0.004 0.002 ± 0.003 

week2 - - - - - - - - - - - - - - 

EXPERIMENT 4   
            

EC1.5   
            

week1 0.066 ± 0.002 0.072 ± 0.012 3.62 ± 0.74 1.19 ± 0.25 0.19 ± 0.04 0.070 ± 0.025 0.014 ± 0.006 

week2 0.052 ± 0.004 0.059 ± 0.009 3.41 ± 0.68 1.06 ± 0.25 0.15 ± 0.05 0.044 ± 0.018 0.021 ± 0.009 

EC3.5   
            

week1 0.069 ± 0.004 0.066 ± 0.011 3.24 ± 0.69 0.96 ± 0.22 0.13 ± 0.04 0.047 ± 0.024 0.009 ± 0.004 

week2 0.054 ± 0.011 0.041 ± 0.002 2.28 ± 0.07 0.66 ± 0.04 0.10 ± 0.02 0.032 ± 0.016 0.015 ± 0.005 

EC5.0   
            

week1 0.071 ± 0.003 0.062 ± 0.008 3.00 ± 0.49 0.83 ± 0.14 0.09 ± 0.02 0.027 ± 0.014 0.011 ± 0.007 

week2 0.058 ± 0.004 0.039 ± 0.012 2.24 ± 0.77 0.64 ± 0.22 0.11 ± 0.04 0.049 ± 0.017 0.011 ± 0.007 
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EC6.5   
            

week1 0.078 ± 0.006 0.039 ± 0.017 1.77 ± 0.82 0.47 ± 0.22 0.02 ± 0.03 -0.003 ± 0.014 0.000 ± 0.005 

week2 - - - - - - - - - - - - - - 

EC8.0   
            

week1 0.115 ± 0.007 0.054 ± 0.003 2.52 ± 0.15 0.63 ± 0.04 0.03 ± 0.01 0.002 ± 0.007 0.002 ± 0.003 

week2 - - - - - - - - - - - - - - 

EXPERIMENT 5   
            

S1   
            

week1 0.069 ± 0.004 0.072 ± 0.015 3.96 ± 1.06 1.26 ± 0.32 0.21 ± 0.05 0.065 ± 0.019 0.016 ± 0.004 

week2 0.058 ± 0.001 0.045 ± 0.014 2.48 0.73 0.75 ± 0.22 0.10 ± 0.04 0.082 ± 0.023 0.019 ± 0.006 

S2   
            

week1 0.065 ± 0.006 0.075 ± 0.007 4.17 ± 0.49 1.36 ± 0.18 0.23 ± 0.03 0.052 ± 0.016 0.039 ± 0.006 

week2 0.060 ± 0.001 0.051 ± 0.010 2.70 ± 0.48 0.89 ± 0.16 0.15 ± 0.04 0.075 ± 0.014 0.046 ± 0.004 

S3   
            

week1 0.068 ± 0.003 0.066 ± 0.009 3.55 ± 0.61 1.06 ± 0.19 0.15 ± 0.03 0.040 ± 0.013 0.053 ± 0.006 

week2 0.065 ± 0.004 0.034 ± 0.005 1.81 ± 0.25 0.56 ± 0.08 0.10 ± 0.02 0.044 ± 0.015 0.046 ± 0.013 

S4   
            

week1 0.076 ± 0.007 0.064 ± 0.000 3.38 ± 0.03 0.85 ± 0.04 0.07 ± 0.02 0.001 ± 0.006 0.045 ± 0.006 

week2 0.069 ± 0.003 0.002 ± 0.009 0.09 ± 0.47 0.03 ± 0.14 0.05 ± 0.02 0.008 ± 0.008 0.032 ± 0.009 

S5   
            

week1 0.078 ± 0.006 0.037 ± 0.007 1.80 ± 0.41 0.41 ± 0.11 -0.02 ± 0.03 -0.037 ± 0.009 0.033 ± 0.006 

week2 0.084 ± 0.003 0.008 ± 0.007 0.28 ± 0.26 0.07 ± 0.07 0.04 ± 0.01 0.012 ± 0.005 0.022 ± 0.007 
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Appendix Table 5: The nitrogen, phophorus and sulfur content of the fronds after both weeks of experiments 3, 4 and 5, as 

well as their value (n = 1) at the start of each experiment. Values are given as a percentage of the dry weight and 

displayed with their standard deviation for all values except the ‘Start’ values; n = 4. 

 N content P content S content 

EXPERIMENT 3 (% of DW) (% of DW) (% of DW) 

Start 4.67 
 

1.37 
 

0.61 
 

EC1.5       

week1 4.95 ± 0.08 1.12 ± 0.15 0.53 ± 0.04 

week2 5.24 ± 0.02 1.31 ± 0.14 0.60 ± 0.03 

EC3.5 
      

week1 4.55 ± 0.20 1.06 ± 0.06 0.48 ± 0.07 

week2 5.06 ± 0.11 1.19 ± 0.18 0.56 ± 0.05 

EC5.0 
      

week1 4.45 ± 0.15 1.07 ± 0.08 0.50 ± 0.02 

week2 4.94 ± 0.05 1.04 ± 0.15 0.54 ± 0.05 

EC6.5 
      

week1 4.29 ± 0.20 0.95 ± 0.05 0.48 ± 0.01 

EC8.0 
      

week1 3.84 ± 0.19 0.86 ± 0.04 0.46 ± 0.02 

EXPERIMENT 4 
      

Start 5.21  1.68  0.60  

EC1.5 
      

week1 5.26 ± 0.10 1.78 ± 0.21 0.51 ± 0.04 

week2 4.94 ± 0.23 1.64 ± 0.14 0.55 ± 0.08 

EC3.5 
      

week1 4.73 ± 0.11 1.60 ± 0.23 0.48 ± 0.04 

week2 4.61 ± 0.14 1.59 ± 0.08 0.53 ± 0.03 

EC5.0 
      

week1 4.44 ± 0.06 1.41 ± 0.10 0.52 ± 0.09 

week2 4.59 ± 0.14 1.68 ± 0.08 0.51 ± 0.02 

EC6.5 
      

week1 4.30 ± 0.07 1.24 ± 0.07 0.45 ± 0.03 

EC8.0 
      

week1 4.02 ± 0.09 1.19 ± 0.09 0.43 ± 0.03 

EXPERIMENT 5 
      

Start 5.04  2.07  0.60  

S1 
      

week1 5.12 ± 0.08 1.91 ± 0.07 0.52 ± 0.02 

week2 4.84 ± 0.14 2.28 ± 0.24 0.59 ± 0.06 

S2 
      

week1 5.19 ± 0.11 1.74 ± 0.07 0.74 ± 0.03 

week2 5.27 ± 0.07 2.05 ± 0.17 1.03 ± 0.08 

S3 
      

week1 4.78 ± 0.08 1.73 ± 0.05 0.93 ± 0.02 

week2 4.95 ± 0.07 1.87 ± 0.22 1.27 ± 0.17 
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S4 
      

week1 4.03 ± 0.18 1.35 ± 0.07 0.85 ± 0.07 

week2 4.61 ± 0.03 1.44 ± 0.10 1.26 ± 0.12 

S5 
      

week1 3.61 ± 0.17 1.14 ± 0.07 0.88 ± 0.04 

week2 4.23 ± 0.09 1.31 ± 0.08 1.25 ± 0.12 


