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Abstract: This study investigated the potential of Lemna minor to valorise agricultural wastewater
in protein-rich feed material in order to meet the growing demand for animal feed protein and
reduce the excess of nutrients in certain European regions. For this purpose, three pilot-scale systems
were monitored for 175 days under outdoor conditions in Flanders. The systems were fed with the
effluent of aquaculture (pikeperch production—PP), a mixture of diluted pig manure wastewater
(PM), and a synthetic medium (SM). PM showed the highest productivity (6.1 ± 2.5 g DW m−2 d−1)
and N uptake (327 ± 107 mg N m−2 d−1). PP yielded a similar productivity and both wastewaters
resulted in higher productivities than SM. Furthermore, all media showed similar P uptake rates
(65–70 P m−2 d−1). Finally, duckweed had a beneficial amino acid composition for humans (essential
amino acid index = 1.1), broilers and pigs. This study also showed that the growing medium had
more influence on the productivity of duckweed than on its amino acid composition or protein
content, with the latter being only slightly affected by the different media studied. Overall, these
results demonstrate that duckweed can effectively remove nutrients from agriculture wastewaters
while producing quality protein.

Keywords: biological effluent treatment; nutrient recycling; Lemnaceae; constructed wetlands;
protein alternatives; amino acid composition

1. Introduction

Intensive livestock production has led to a local surplus of nutrients in certain Euro-
pean regions [1,2]. These surpluses will potentially worsen with the increased demand for
animal-derived protein resulting from the global population growth and the improvement
of living standards [3,4]. Furthermore, these trends have considerable environmental
implications [5]. Therefore, the treatment and re-use of waste streams have become an
essential aspect in improving the sustainability and circularity of conventional agriculture.

Moreover, to sustain livestock production in Europe, a substantial amount of feed
protein is imported in the form of soybean meal [6]. This low self-sufficiency exposes the
EU to possible trade distortions, scarcity, and volatility to global protein market price [7].
However, more importantly, an increased feed protein demand causes the land-use change
of rain forests and pastures into soybean fields, leading to enormous greenhouse gas (GHG)
emissions [8]. More specifically, feed production and processing contributes up to 45% of
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the total GHG emissions of livestock production [9]. Therefore, substituting soybean by
local and more land-use efficient feed protein sources becomes ever more important [5,8,9].

One potential protein alternative, which also helps reducing nutrient surpluses, is
duckweed. This small floating macrophyte can both remove N and P from wastewaters
while providing proteins for livestock production. The key aspect of duckweed is that
these plants are the most rapidly growing Angiosperms in the world, following a quasi-
exponential growth rate [10]. The estimated outdoor production rate in Europe ranges
between 7 and 22 t dry weight (DW) ha−1 yr−1 [11], and even higher productivities have
since been documented. To the authors’ knowledge, the maximal productivity of any
duckweed species reached on a pilot scale study is 68 t DW ha−1 yr−1, which was achieved
with Lemna punctate in the Santa Catarina State in southern Brazil [12]. In addition to high
productivity, duckweed contains a high protein content of up to 45% [11] and a moderate
amount of fiber, which makes the plant readily digestible for monogastric animals and
many fish species [13]. For these reasons, duckweed has been grown by several commercial
ventures and hundreds of thousands of small-scale farmers in Asia and Central America as
an important source of protein for tilapia, ducks, chicken and pigs [14].

Duckweed’s environmental (such as N and P uptake) and agronomic (growth and
protein productivity) performances have been tested on various agro-industrial waste
streams like dairy wastewater [15–17], pig manure wastewater [12], [18] or aquaculture
effluent [19]. Although promising, these studies were conducted mostly outside Europe and
did not monitor a long period of growth. It is known that light intensity and photoperiod
affect duckweed’s productivity, composition and nutrient uptake [20], which renders
studies in outdoor conditions in Europe necessary for the large-scale implementation of
this technology.

Moreover, several studies determined the protein content and amino acid (AA) com-
position of duckweed [21], but none, to the authors’ knowledge, have determined the effect
of various growing media on this composition. Nevertheless, this parameter is essential for
determining the nutritional quality of proteins [22–24]. Essential amino acids (EAA) are
especially of worth since these cannot be assembled within an organism and need to be
consumed from external sources [24,25].

To address the highlighted knowledge gaps, two agricultural wastewaters, i.e., the
effluent of pikeperch production (PP) and the wastewater stream from a pig manure
treatment facility (PM), were compared against a synthetic growing medium (SM) under
identical meteorological conditions (a temperate maritime climate) for 175 days on a pilot-
scale facility. N and P uptake and the amino acid composition of the produced biomass in
these three media were determined. The chosen duckweed species was Lemna minor, which
is indigenous to Europe and this plant has been repeatedly investigated for its feed and
waste treatment purposes. The gathered data in this practical approach experiment give an
estimation of the feasible performances of duckweed in an outdoor system in north-west
Europe for simultaneous agricultural effluent treatment and feed production.

2. Materials and Methods
2.1. Experimental Setup

Three separate systems, consisting of five cubicontainers each (BE COMPOSITE IBC,
Mauser, Brühl, Germany), were constructed in a sequential cascade, as shown in Figure A1
(Appendix A). In each cascade, the first and the last cubicontainer served as a storage tank
for influent (A) and effluent (C), respectively. Duckweed was grown on the three middle
cubicontainers (B.1; B.2; B.3). An area of 0.9 × 1.1 m was cut open from the upper container
wall. Furthermore, the sidewalls were covered with a black plastic foil to exclude light
interference and prevent an algal bloom.

At the start of the experiment, on 30 April 2018, all cubicontainers were filled with
rainwater. From then onwards, only the first cultivation cubicontainer (B.1) received
wastewater coming from the influent storage tank (A) using a flow pump (Etatron BT-
MA/AD 50/3.0, Etatron, Italy). The two other cultivation cubicontainers received the
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effluent of the previous container in the cascade via overflow. The tube allowing overflow
was positioned at a height that resulted in a volume of 0.967 m3 per container.

The first cascade was filled with effluent from an aquaculture facility producing
pikeperch (PP) located at the site of Inagro vzw (Roeselare-Beitem, Belgium). The second
cascade system was filled with a mix of effluents coming from a pig manure treatment
facility (PM) located at the site of Ivaco (Ichtegem, Belgium). Ivaco is a pig farm that treats
swine manure by a system of (i) mechanical separation, followed by (ii) the biological
treatment (nitrification/denitrification) of the liquid fraction, which is subsequently treated
by (iii) ferric chloride coagulation before being sent to a (iv) constructed wetland system
that purifies the effluent to a (v) dischargeable water [26]. The Ivaco manure treatment
facilities at Ichtegem allowed the sampling of wastewater from various points in the process,
thereby allowing to compose a growing medium with an optimal nitrogen (10 mM) and
phosphate (0.15 mM) content. The composition was determined by linear programming
in Excel with data that was measured before the experiment. Before 10 September 2018,
110 L of the liquid fraction undergoing aerobic nitrification, 510 L of water from the first
constructed wetland lagoon after sedimentation, and 380 L of rainwater were mixed into
the influent cubicontainer of the cascade.

After 10 September 2018, a different recipe was used because a negative duckweed
growth was observed in the cascade from 23 July 2018 onwards. In this second recipe,
linear programming considered the electric conductivity (EC) and NH4 content. This
resulted in a mixture of 220 L of the liquid fraction undergoing aerobic nitrification with
780 L of rainwater. The new recipe was applied to the cubicontainers with a similar
composition regarding N and P, but a lower EC, re-establishing a positive duckweed
growth. Apart from the recipe change, a weekly adjustment to the variation of biological
effluent was considered infeasible due to the time lag between the analysis and preparation
of the influent.

Both pilots were compared against a reference pilot which was fed with a synthetic
growing medium (SM) containing an optimal mineral nutrient composition for duckweed
cultivation, which is described as N-medium in the International Steering Committee on
Duckweed Research and Application (ISCDRA) forum volume 3 [11,27]. In contrast to most
experiments in the literature, the used salts were not laboratory-grade but commonly used
salts in hydroculture. These commercial fertilizers are presented in Table A2 (Appendix A).

The influent flow was set up to ensure that all cubicontainers contained sufficient
nutrients to prevent growth limitation. Therefore, a pump fed the cascade with a flow
of 15 L h−1 for PP and 4.8 L h−1 for PM and SM. The residence time of the water in the
whole system amounted to 8 days and 2 h for PP and 25 days and 9 h for PM and SM. The
residence time in each cubicontainer was one third of that in the whole system. The flow of
PP was set higher to compensate for the lower concentration of N and P in that medium.
A constant flow was maintained during the experiment. PP, PM and SM had a respective
N loading rate of 2.1 ± 0.8, 2.6 ± 1.2 and 4.5 ± 1.2 g N m−2 d−1, and a P loading rate of
1.3 ± 2.1, 0.82 ± 0.76 and 0.15 ± 0.06 g Pm−2 d−1.

2.2. Inoculation and Sampling

Duckweed was taken from a local pond (50◦54′09′′ N, 3◦07′36′′ E) and morphologically
identified as Lemna minor [28]. The same duckweed strain was used for another experiment
in which molecular barcoding confirmed this identification [29]. Each cultivation cubicon-
tainer was inoculated with 500 g fresh weight (FWstart) of duckweed, yielding a density
of 47 g DW m−2; This nearly allows maximal duckweed production at a harvest rate of
7 days [30]. Moreover, this density inhibits algal interference.

Throughout an entire growing season, between 30 April 2018 and 15 October 2018,
the duckweed was weekly harvested (every Monday). Subsequently, the plants were
dewatered by dripping from a net (15 min) and weighed (FWend). Then, 500 g was
re-inoculated on the cultivation containers, and 300 g was dried for 3 days at 60 ◦C to



Sustainability 2021, 13, 1570 4 of 26

determine a representative DW percentage (DW%). In this way, the dry weight was
estimated before and after inoculation.

Biomass productivity (linear growth rate—LGR) and the relative growth rate (RGR)
were calculated as follows:

LGR =
(DW%end ∗ FWend −DW%start ∗ FWstart)

time ∗ surface

[
g m−2 d−1

]
(1)

Relative growth rate (RGR) was calculated as follows:

RGR =
(ln(DW%end ∗ FWend)− ln(DW%start ∗ FWstart))

time

[
d−1

]
(2)

2.3. Meteorological Monitoring

Daily meteorological data, i.e., air temperature (◦C), solar irradiance (kWh) and day
length (h), were received from the Belgian Royal Meteorological Institute for the complete
growing season (Table A1—Appendix A).

2.4. Analyses
2.4.1. Mineral and Physiochemical Analysis

Dried samples of duckweed were ground and sieved to 0.5 mm (Retsch SM200, Retsch,
Germany). Total N content was determined with the Kjeldahl method according to Van
Ranst et al. [31] and the protein content was subsequently converted from Kjeldahl N using
a factor of 6.25 [32]. The total P (T-P) content of duckweed was analysed by inductively
coupled plasma-optical emission spectroscopy (ICP-OES; Optima 8300, PerkinElmer, Za-
ventem, Belgium) after microwave destruction (MARS6, CEM, Matthews, Burbank CA,
USA) in an aqua regia (1 HNO3: 3 HCl) solution. The N and P content of the duckweed
was determined weekly between 30 April 2018 and 25 June 2018, and an additional four
randomly selected points in time. Protein productivity, N uptake, and P uptake were
calculated similarly to Equation (1), except for using the protein content, N content and P
content, respectively, instead of DW content.

For the whole experiment, the influent was sampled weekly and the following analyses
were performed. Electrical conductivity (EC) and pH were measured on freshwater samples
with a ProfiLine Cond 3110 WTW conductivity meter (Weilheim, Germany) and a ProfiLine
pH 3110 WTW pH-meter (Weilheim, Germany), respectively. The concentrations of the N
compounds (NH4-N, NO3-N, NO2-N) were determined with a continuous flow analyser
(SFA type 4000, Skalar Analytical B.V., Breda, The Netherlands) following ISO 13395:1996
for NO3-N and NO2-N, and ISO 11732:2005 for NH4-N. The total inorganic dissolved N (T-
DIN) was defined as the sum of NO3-N, NO2-N and NH4-N concentrations. Concentrations
of P, Ca, Mg, Na, K, B, Mn, Fe, Cu, and Zn were measured by ICP-OES after microwave
destruction (MARS6, CEM, Matthews, NC, USA) in an aqua regia solution. Cl− and SO4

2−

were analysed by liquid chromatography (850 Professional IC anion, Metrohm, Antwerpen,
Belgium) with a 150 mm column (Metrosep A SUPP 5-150/4.0, Metrohm, Antwerpen,
Belgium), following the ISO 10304-1:2007 method. H2CO3

− was determined by titration
following the ISO 9963-1:1994 method.

Total N and P removal were calculated based on the concentrations (T-DIN, T-P)
measured weekly in each cubicontainer between 30 April 2018 and 25 June 2018. Removal
was set to be the difference between the total amount of nutrients flowing in and out of the
system, divided by the area of a cubicontainer (1.1 m2) and the number of days between
measurements (7 days). To calculate the total N or P inflow, the average nutrient concen-
trations of the influent were multiplied by the flow of the pump and the time between
measurements. For the total outflow, the calculation is similar, but the used nutrient content
equalled the average between the start and end concentration in the cultivation cubicon-
tainer during the selected period. It was assumed that the flow between cubicontainers was
the same as the debit of the pump for all cubicontainers. All annual estimations considered
a growing season of 175 days, as this was the length of the experiment.
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2.4.2. Amino Acid (AA) Analysis

Duckweed’s AA composition was analysed five times during the growing season on
each cubicontainer cascade, resulting in 15 samples. The sampling was done on 11 June,
18 June, 25 June, 30 July and 13 August. At harvest, samples were stored at −18 ◦C within
an hour. Prior to AA analysis, duckweed samples were freeze-dried and ground with a
pestle and mortar. The fat of a 50 mg sample was extracted with petroleum ether and the
fat-free duckweed was resuspended in 10 mL Milli-Q water. Subsequently, 200 µL of this
suspension was hydrolysed with 6 M HCl for 24 h at 110 ◦C in vacuum-sealed hydrolysis
tubes (Wilmad Labglas). Amino acid oxidation was prevented by hydrolysis followed by
acid evaporation under a vacuum atmosphere which was alternated with nitrogen gas
flushing. The hydrolysate was dissolved in 1 mL Milli-Q water and subsequently, filtered
through a 0.45 µm syringe filter (25 mm, Polytetrafluoroethylene (PTFE), VWR, Belgium)
into a 2 mL amber glass vial and stored at −20 ◦C prior to HPLC analysis. Essential amino
acid (EAA) analyses were performed applying the standard operating procedure (SOP)
of Agilent Technologies (Santa Clara, CA, USA) using ortho-phtalaldehyde (OPA) online
derivatization in an Agilent 1290 Infinity II LC system. The EAAs were first converted into
OPA derivatives using the 1260 Infinity II Vial sampler (Agilent, Santa Clara, CA, USA),
after which separation was performed on an Infinity Lab Poroshell 120 HPH-C18 column
(4.6 mm × 100 mm × 2.7 µm; Agilent, Santa Clara, CA, USA). The mobile phases, at a
flow rate of 2 mL/min, consisted of 10 mM Na2HPO4, 10 mM Na2B4O7, 0.5 mM NaN3 at
pH 8.2 (eluent A) and acetonitrile/methanol/Milli-Q water in a ratio of 45/45/10 (v/v/v)
(eluent B), and followed the gradient in the SOP. The absorbance was measured at 338 nm.
Norvaline was used as an internal standard (0.5 mM) for quantification.

Bovine serum albumin (BSA) was used as a control to determine the amino acid
recovery after hydrolysis. Tryptophan (Trp) was not determined. The measured AA
content was multiplied with the recovery percentage that was found for BSA to reduce the
underestimation caused by insufficient recovery efficiency during analysis. To evaluate
the protein quality, the AA composition was compared to the nutritional requirements for
humans [21,29], pigs [22], and broilers [22,30].

An essential amino acid index (EAAI) was calculated for humans and broilers using
the following equation [33]:

EAAI = n

√
aa1

AA1
∗ aa2

AA2
∗ . . . ∗ aan

AAn
(3)

Here, aa1, aa2, . . . aan represent the percentage of the respective EAA content in the
sample and AA1, AA2, . . . AAn represent the respective FAO/WHO established human
reference content [24]. Trp was excluded from the calculation and, for the duos Met +
Cys and Phe + Tyr, their respective sum was taken as the sum also used in the guidelines.
Consequently, the ‘n’ in the previous equation equalled to seven.

Likewise, for broilers, Trp was excluded and the duo Met + Cys was combined. On
top of that, Met was individually included. The established reference for broilers was taken
for finisher As-Hatched Broilers with Target Live Weight 1.70–2.4 kg [34], resulting in an ‘n’
of eight.

For growing pigs and sows, the EAAI is not the standard method to evaluate protein
quality. In most cases, proteins are considered qualitative if Lys is sufficiently available.
Therefore, the division of an EAA by the Lys content should match with a proposed ideal
ratio [22].

2.5. Statistics

All statistical analyses were performed with R [35]. All hypotheses were evaluated on
a 5% significance level (p < 0.05). Normality was tested using the Shapiro–Wilk test, and
the homogeneity of variances by Levene’s test. Post hoc analysis was performed with a
Tukey test when the criteria were met. Otherwise, significant differences in means were
determined with a non-parametric Dunn test using the Bonferroni criterium.
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Linear regressions were performed for LGR (g m−2 d−1), RGR (d−1), N content
(mg N g−1 DW), P content (mg P g−1 DW), N uptake (mg N m−2 d−1) and P uptake
(mg P m−2 d−1). The regressions were performed over the complete growing season with:

• The meteorological variables (weekly average air temperature (◦C), weekly total solar
irradiance (kWh), date);

• The factorial variables (medium, cascade);
• Their first-order interaction effects.

One by one, the effect with the highest significance level was discarded, following the
Akaike information criterion (AIC). The regression with the lowest AIC-value was selected,
and the multiple R-squared is presented. The normality of the residuals was tested using a
Shapiro–Wilk test and homoscedasticity was visually verified.

3. Results
3.1. Composition of the Growing Media

During the entire growing season, the influent concentrations of the three cubicon-
tainer cascades were determined. The results are summarized in Table 1, along with the
optimal and maximal growing ranges found in the literature [11,36]. When a certain com-
ponent is within the optimal ranges, the growth will be optimal; when it is outside the
maximal growing range, then duckweed growth is theoretically impossible. In all other
cases, duckweed growth is suboptimal.

3.1.1. Pikeperch Effluent

Almost all parameters of PP were situated within the maximal growing range, allow-
ing duckweed growth. Only the K content was below, while Cl and pH were above the
optimal range, making the medium suboptimal for duckweed cultivation. The NO3–N and
NH4–N contents were below optimal levels for duckweed growth but within commonly
found NO3–N levels in recirculating aquaculture systems of adult pikeperch [37].

A remarkably high variation was observed over the sampling time, which was reduced
when separating the PP into the three categories used on Table 1. This variation can be
explained by two underlying processes. First, NaCl is added during the growth cycle of
pikeperch to reduce the stress caused by the grading of the animals. Grading is done by
sorting fishes with similar sizes together to reduce cannibalism, which is primarily done in
the early stages of the life cycle. For instance, fish with a size of 10–50 g are graded weekly,
while fish of more than 50 g are graded every six weeks. Accordingly, NaCl is added every
week or every six weeks. Additionally, pikeperch production is organised in a way that
all eggs hatch within a short timeframe. As a result, all fish reach a certain life stage at a
similar time, resulting in a visible NaCl pattern during the year. In the experiment, PP came
from weekly graded fish until 14 May 2018, when the fish were graded every 6 weeks.

A second process that increases variation in PP is the presence of sediment. On 23 July
2018, 27 August 2018 and 17 September 2018, the concentrations of Ca, Mg, P, Fe, Zn, Cu
and Mn were all significantly higher compared with all other datapoints. This sudden
increase is not visible in the concentrations of easily soluble ions like K, Na, SO4

−, and Cl.
This discrepancy could be attributed to sediment. This could be explained by technical
incidents like the malfunction of a drum filter, or sporadically pumping deeper from the
storage lagoon in which the effluent was captured. Although the increase in nutrients was
considerable, only the P content exceeded the upper optimal growing level in these three
data points.
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Table 1. Mean ± standard deviation of the weekly analysed parameters of the influent cubicontainer (A) of the three cubicontainer cascades: synthetic medium (SM), effluent of pikeperch
production (PP), and a mixture of diluted pig manure wastewater (PM). The significance letters (a, b, c) coincide with a descending order and these were determined by a parametric Tukey
test for the N loading rate, and a non-parametric Dunn test for the P loading rate.

SM PP PM Optimal Growing
Ranges

Maximal Growing
Ranges

Grading
10–50 g

Grading
>50 g Sediment Recipe 1

before 16 July
Recipe 2

after 10 September

pH 7.5 ± 0.5 7.9 ± 0.2 7.7 ± 0.1 7.6 ± 0.1 8.4 ± 0.4 8.4 ± 0.2 6.5–7.5 α 5.0–9.0 α

EC 1.6 ± 0.4 2.3 ± 0.2 1.0 ± 0.1 1.0 ± 0.0 7.2 ± 0.2 4.8 ± 1.1 0.6–1.4 α 0–10.9 α mS/cm
NO3–N 122 ± 32 0.61 ± 0.66 14 ± 6 27 ± 9 60 ± 14 40 ± 44 70–700 α 0–1400 α mg/L
NO2–N 0.8 ± 0.75 0.28 ± 0.30 0.63 ± 0.31 0.87 ± 0.09 7.7 ± 5.3 2.3 ± 3.0 mg/L
NH4–N 0.71 ± 0.69 17 ± 4 2 ± 2 4 ± 1 13 ± 15 4 ± 3 45–90 α 9–1350 α mg/L
T-DIN 124 ± 32 17 ± 5 16 ± 6 32 ± 9 81 ± 21 46 ± 42 mg/L

P 4.2 ± 1.7 3.7 ± 0.7 4.6 ± 3.5 60 ± 10 13 ± 5.3 37 ± 14 0.4–11 α 0–55 α mg/L
K 318 ± 104 12 ± 1 10 ± 2 13 ± 2 1317 ± 156 1003 ± 311 39–780 α 0–2000 α mg/L
Cl 5.4 ± 2.7 467 ± 59 90 ± 28 78 ± 17 945 ± 77 460 ± 81 0.4–36 α 0–3500 α mg/L

SO4
2− 116 ± 47 95 ± 19 115 ± 9 131 ± 15 1264 ± 85 453 ± 90 48–1900 α 0–4800 α mg/L

Ca 74 ± 48 145 ± 4 138 ± 23 360 ± 101 74 ± 14 71 ± 13 20–400 α 0–2000 α mg/L
Mg 26 ± 9 16 ± 1 18 ± 2 24 ± 1 75 ± 2 55 ± 12 5.0–97 α 0–1200 α mg/L
Na 4.3 ± 1.8 302 ± 32 62 ± 17 60 ± 16 582 ± 31 417 ± 93 120–230 α 0–3400 α mg/L

H2CO3 61 ± 35 448 ± 16 282 ± 40 248 ± 19 663 ± 65 1173 ± 315 mg/L
B 0.12 ± 0.06 0.040 ± 0.023 0.056 ± 0.052 0.22 ± 0.03 1.8± 0.1 1.1 ± 0.3 <17.3 β <86.5 β mg/L
Fe 0.83 ± 0.53 0.10 ± 0.04 0.22 ± 0.35 6.9 ± 1.1 17 ± 12 37 ± 16 <27.9 β <100 β mg/L
Mn 0.60 ± 0.61 0.020 ± 0.007 0.034 ± 0.026 0.43 ± 0.19 0.83 ± 0.43 0.58 ± 0.28 <54.9 β <274.5 β mg/L
Cu 0.015 ± 0.011 0.0013 ± 0.0113 0.008 ± 0.0167 0.26 ± 0.04 0.49 ± 0.25 0.80 ± 0.35 <3.2 β <6.3 β mg/L
Zn 0.041 ± 0.031 0.015 ± 0.020 0.137 ± 0.213 3.6 ± 0.5 0.78 ± 0.55 2.2 ± 1.0 <6.5 β <65.3 β mg/L

N load 4.5 ± 1.2 a 2.2 ± 0.6 b 2.1 ± 0.7 b 4.0 ± 1.1 abc 3.4 ± 0.9 ac 1.9 ± 1.7 b g m−2 d−1

P load 0.15 ± 0.0 a 0.42 ± 0.07 ab 0.52 ± 0.40 b 6.6 ± 1.1 b 0.47 ± 0.26 b 1.3 ± 0.5 b g m−2 d−1

n 23 4 16 3 12 4

Sources: α [11], β [36].
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3.1.2. Pig Manure Wastewaters

All parameters of both PM recipes were on average within the maximal growing
ranges allowing duckweed growth. However, pH, EC, P, K, Na and Cl were above the
optimal levels while NO3–N and NH4–N concentrations were slightly below the optimal
levels. Notably, PM had the highest micronutrient concentrations of all media, but only Fe
exceeded the optimal growing range for duckweed growth in the second recipe.

The considerable variation might be inherent to swine manure wastewaters and could
be partly explained by the underlying processes such as the residence time of biological
effluent in the reactor and subsequent effluent storage, evaporation and precipitation,
microbial interferences and temperature.

3.1.3. Synthetic Medium

For the SM, most elements were within the optimal ranges, except for Na and NH4–
N, which were below optimal ranges. The lack of NH4–N would not be lethal as there
was sufficient N available in the form of NO3–N. Nevertheless, NH4–N addition could
theoretically increase the protein content and biomass productivity [38]. The conductivity
of SM was distributed around the upper optimal level. Hence, increasing the Na level
would increase the EC and osmotic potential of the water even more, making the medium
less suitable for duckweed growth. Next to conductivity, also pH is distributed around
the upper optimal level. Adding an acid to the medium or using rainwater with a lower
conductivity and pH would likely be beneficial to produce duckweed. Nevertheless, a
growing medium with a quasi-optimal composition was obtained. The components and
their respective brand name and cost are summarised in Table A2 (Appendix A). It was
shown that using commercial salts can considerably reduce the synthetic medium cost,
from EUR 53.7/m3 to EUR 1.12/m3.

3.2. Agronomic and Environmental Performance

Duckweed performances on the different tested media are summarised in Table 2.
Overall, the measured parameters were within similar ranges for the three media, indicating
that the wastewaters did not have a negative impact on duckweed growth when compared
to SM, but some statistically significant differences were observed. PM resulted in higher
duckweed productivity than SM, while PP yielded similar productivity as both PM and SM.
The same observation can be made for duckweed’s dry weight content. For the N content
and therefore also protein content, SM and PM had the highest values. Since duckweed
grown on PM had both the highest productivity and N content, it was expected that it
would result in the highest N uptake, however, this was similar to the one obtained in SM.
These data indicate that the lower concentration of T-DIN or lower N loading rate in PP
may have caused the lower N content observed.

Remarkably, the medium with the lowest P loading rate (SM) stimulated duckweed’s
P content the most. Further research should include an analysis for plant-available P in
addition to the total P concentration to better elucidate the observed differences.

Although the P content of duckweed grown on SM was significantly higher than that
on PP and PM, this did not result in significant differences in the P uptake of duckweed.
Finally, the N and P uptake were much lower than the according loading rates, indicating
that N and P were sufficiently present in the systems to prevent starvation (Table 2).

Duckweed’s productivity (LGR and RGR), N and P content, and N and P uptake were
weekly observed throughout the growing season and linked to the climatic conditions and
the growing medium. The results from the linear regression of the agronomic and environ-
mental performances of duckweed on both wastewaters are provided in the appendices
(Tables A3–A7) and can be visualised in Figures A1 and A2 (Appendix A). It should be
noted that the period of die-off and medium adjustment (from 24 September to 1 October)
was discarded from the regression dataset of PM, as these were not representative for the
medium. This is expressed in Figure 1 by the lack of data at higher temperature and solar
irradiance levels.
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Table 2. Agronomic and environmental performance of duckweed grown on PP (= pikeperch effluent), PM (= a mixture of
dilute pig manure wastewater) and SM (synthetic medium) for a full growing season. The significance was determined by a
Dunn test and “Bonferroni” criterium was applied. Significant differences are indicated with the characters a and b.

Parameter PP PM SM Unit

Biomass productivity 5.2 ± 1.7 ab 6.1 ± 2.5 b 4.7 ± 1.7 a g Dry weight (DW) m−2 d−1

Dry weight 9.4 ± 3.1 ab 10.3 ± 4.5 b 8.4 ± 3 a g/100 g Fresh weight (FW)
Annual biomass

production 9.1 ± 3 ab 10.7 ± 4.4 b 8.1 ± 2.9 b t ha−1 yr−1

Protein content 0.29 ± 0.03 a 0.32 ± 0.04 b 0.35 ± 0.02 b g g−1 DW
Annual protein

production 2.9 ± 0.7 a 3.5 ± 1.3 b 3.0 ± 0.9 ab t ha−1 yr−1

N content 47 ± 5 a 51 ± 6 b 55 ± 3 b mg N g−1 DW
N uptake 274 ± 50 a 327 ± 107 b 283 ± 75 ab mg N m−2 d−1

Annual N uptake 48 ± 9 a 57 ± 20 b 49 ± 13 ab g N m−2 yr−1

P content 11 ± 2 a 10 ± 3 a 13 ± 3 b mg P g−1 DW
P uptake 65 ± 18 a 67 ± 26 a 70 ± 26 a mg P m−2 d−1

Annual P uptake 11 ± 3 a 12 ± 5 a 12 ± 5 a g P m−2 yr−1

N loading rate 2.1 ± 0.9 a 2.6 ± 1.2 a 4.5 ± 1.2 b g N m−2 d−1

P loading rate 1.3 ± 2.1 a 0.82 ± 0.76 a 0.15 ± 0.06 b g P m−2 d−1

Sustainability 2021, 13, x FOR PEER REVIEW 9 of 28 
 

and environmental performances of duckweed on both wastewaters are provided in the 
appendices (Tables A3–A7) and can be visualised in Figures A1 and A2  
(Appendix A). It should be noted that the period of die-off and medium adjustment 
(from 24 September to 1 October) was discarded from the regression dataset of PM, as 
these were not representative for the medium. This is expressed in Figure 1 by the lack of 
data at higher temperature and solar irradiance levels. 

 
Figure 1. Main effects plots of the variables (temperature, solar irradiance, and cascade effect) and 
the outputs (duckweed’s productivity, N content, P content, N uptake, and P uptake) on the three 
different media (a mixture of diluted pig manure wastewater: PM; pikeperch effluent: PP; and 
synthetic medium: SM). 

In this study, the average weekly solar irradiance and the average weekly temper-
ature ranged between 20 and 56 kWh, and 11 and 24 °C (Table A2—Appendix A), re-
spectively. Overall, it can be observed that within this range, the (i) discrete variables for 
the growing medium, (ii) and continuous variables for solar irradiance and (iii) temper-
ature have all a main or an interaction effect on the agronomic and environmental per-
formances of duckweed. This indicates that both the chosen medium as well as the cli-
mate will have an impact on duckweed productivity, composition, and nutrient uptake. 
Furthermore, the regressions were also separately executed for each growing medium, 
repeating the importance of solar irradiance and temperature on duckweed’s productiv-
ity for each medium separately. Thus, as expected, seasonal variation occurs in outside 
conditions. Interestingly, temperature was negatively and solar irradiance was positively 
correlated with the N and P contents of duckweed in the linear regression. Therefore, as 

Figure 1. Main effects plots of the variables (temperature, solar irradiance, and cascade effect) and the outputs (duckweed’s
productivity, N content, P content, N uptake, and P uptake) on the three different media (a mixture of diluted pig manure
wastewater: PM; pikeperch effluent: PP; and synthetic medium: SM).



Sustainability 2021, 13, 1570 10 of 26

In this study, the average weekly solar irradiance and the average weekly temperature
ranged between 20 and 56 kWh, and 11 and 24 ◦C (Table A2—Appendix A), respectively.
Overall, it can be observed that within this range, the (i) discrete variables for the grow-
ing medium, (ii) and continuous variables for solar irradiance and (iii) temperature have
all a main or an interaction effect on the agronomic and environmental performances of
duckweed. This indicates that both the chosen medium as well as the climate will have an
impact on duckweed productivity, composition, and nutrient uptake. Furthermore, the
regressions were also separately executed for each growing medium, repeating the impor-
tance of solar irradiance and temperature on duckweed’s productivity for each medium
separately. Thus, as expected, seasonal variation occurs in outside conditions. Interestingly,
temperature was negatively and solar irradiance was positively correlated with the N
and P contents of duckweed in the linear regression. Therefore, as higher temperatures
and solar irradiances occur mostly simultaneously, these effects will counteract each other.
Hence, the temperature and solar irradiance effect was mostly recognisable in duckweed
productivity, as can be seen in Figure 1.

In addition to the meteorological parameters and the medium, the cascade effect was
also significant for duckweed’s N and P content, except for the duckweed grown on SM.
This indicates that the N and P composition of the water is important for the N and P
content in the plant. As a result, a reduced variation in the medium composition would
most likely reduce variation in plant composition.

3.3. Amino Acid Composition

The nutritional quality of proteins is determined by the amino acid (AA) composition.
For the three cascades, these compositions are reported in Table 3. The data analysis
showed that all AAs followed a normal distribution except for Met, which was probably
due to the limited amount of this AA present. Only for Arg was there a significantly higher
content observed in the duckweed grown on PM compared to the other two treatments.
For all other AAs, no differences were found.

Table 3. Mean amino acid (AA) composition (% protein) over the three tested growing media: synthetic medium (SM),
effluent of pikeperch production (PP), and a mixture of diluted pig manure wastewater (PM). The total protein content
(g kg−1 dry weight) is also shown as the sum of individual amino acids (AAs) and as the value obtained after Kjeldahl
analysis. Finally, the coefficient of variation (CoV) of the according AA data is listed. Significant differences among the
amino acids between the media are indicated with the characters a and b.

AA PP PM SM Overall Average CoV

Asp 16 ± 1 16 ± 1 16 ± 1 16 ± 1 7%
Glu 11 ± 1 12 ± 1 10 ± 1 11 ± 1 10%
Ser 4.8 ± 0.1 5.2 ± 0.3 4.8 ± 0.4 4.9 ± 0.3 7%
His 2.4 ± 0.1 2.3 ± 0.2 2.2 ± 0.1 2.3 ± 0.2 7%
Gly 4.1 ± 0.1 4.4 ± 0.5 4.0 ± 0.5 4.1 ± 0.4 9%
Thr 4.4 ± 0.1 4.6 ± 0.3 4.4 ± 0.3 4.5 ± 0.3 6%
Arg 6.3 ± 0.5 b 7.6 ± 0.3 a 6.4 ± 0.5 b 6.7 ± 0.7 11%
Ala 6.2 ± 0.1 6.6 ± 0.5 6.2 ± 0.5 6.3 ± 0.4 7%
Tyr 3.8 ± 0.4 3.7 ± 0.3 3.7 ± 0.3 3.7 ± 0.3 9%
Val 5.5 ± 0.4 5.6 ± 0.4 5.3 ± 0.4 5.5 ± 0.4 7%
Met 1.8 ± 0.8 1.7 ± 0.7 2.4 ± 0.4 2.0 ± 0.7 35%
Phe 5.1 ± 0.3 5.3 ± 0.2 5.1 ± 0.2 5.2 ± 0.3 5%
Iso 4.3 ± 0.2 4.4 ± 0.2 4.2 ± 0.3 4.3 ± 0.2 5%
Leu 8.7 ± 0.3 8.9 ± 0.6 8.6 ± 0.6 8.7 ± 0.5 6%
Lys 6.1 ± 0.2 6.2 ± 0.4 6.0 ± 0.4 6.1 ± 0.3 5%

Tryp ND ND ND ND
Cys <LOD <LOD <LOD <LOD

Hydr <LOD <LOD <LOD <LOD
Pro <LOD <LOD <LOD <LOD

Sum Amino Acids 269 ± 17 312 ± 27 311 ± 12 296 ± 27 9%
Crude protein (Kjeldahl) 295 ± 17 330 ± 36 345 ± 22 323 ± 32 10%

EAAI 1.0 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 8%

ND: not determined; <LOD: below the lower limit of detection.
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Moreover, the correlation between the total Crude Protein (CP) content and each
individual AA was tested and only a significant negative correlation between the total CP
and His content was found. This indicates that all AA were at a similar rate synthesized
when the protein content increased, except His. As His is a semi-essential AA, this does
not contribute to nutritional quality.

Protein content in plants can be calculated both directly based on the sum of individual
AAs or from the plant’s Kjeldahl–N content with the use of a conversion factor. Table 3
shows the results obtained with the two calculations. The sum of AA is slightly yet
significantly lower than the ‘N-content conversion value’ in each treatment. Nevertheless,
Trp and free amino acids were undetermined and the Cys was below the quantification
level, leading to an underestimation of the combined amount of AA. Determining these
would increase the sum of AA and would probably approach the protein content calculated
from the N content. Thus, as expected, both results display similar results, verifying
each other.

For this sum of amino acids, the coefficient of variation (CoV) was also calculated
by dividing the standard deviation of the whole dataset by its mean, which resulted in a
CoV of 9%. The same was done for the respective plant productivity (LGR) in each point
of the same dataset and a CoV of 19% was found. Moreover, the CoV of each AA is also
lower than plant productivity with the exception of cysteine, which is higher due to the
technical variation induced in the lab, as the concentrations were below the detection limits.
Thus, variation within duckweed productivity is larger than within the protein content
and AA composition. This indicates that the growing medium had more influence on the
productivity of duckweed content than on the AA composition or protein content.

Although a bigger dataset could be more precise to detect correlations with a slight
impact, both the lack of significant effects caused by the growing medium and reduction in
CoV indicate that the composition is inherent to the plant and is not affected by growth
conditions. This is of interest for the S binding AA methionine, as this is generally limiting
in legumes [39]. Even with a considerable difference of SO4

− between the growing medium
of PP and PM, no trend is visible in the duckweed AA composition. Finally, Trp should be
investigated in future research, as it could vary with the growing medium.

4. Discussion
4.1. Duckweed Productivity

Plant productivity increased with increasing solar irradiance until the harvest of 9 July.
At that moment, the duckweed grown on PP, PM, and SM had a respective productivity
of 7.5 ± 0.3, 9.7 ± 0.1, and 7.3 ± 0.7 g DW m−2 d−1. After 9 July, productivity decreased,
resulting in total productivities of 5.2 ± 1.7, 6.1 ± 2.5 and 4.7 ± 1.7 g DW m−2 d−1 for
PP, PM and SM, respectively (Table 2). These average productivities are comparable to
productivities recorded on municipal treatment water under a sub-temperate climate, of
5.72 g DW m−2 d−1 [40].

Growth continued until the end of October (22 November) after which a sharp drop
was observed. Based on this, we concluded that duckweed could have a viable growing
season of approximately 175 days in a temperate maritime climate like Flanders. Never-
theless, the start and end of the growing season can vary from year to year. In general,
Lemna minor growth stops at water temperatures below 8 ◦C, limiting the length of the
duckweed growing season [11].

Duckweed can follow an exponential growth rate [10]. However, fitting an exponential
model to the data of this study did not lead to satisfying predictions of duckweed’s
productivity, even after parameter estimation. This indicates that growth was better
described by a linear growth rate. The absence of an exponential growth can be attributed
to the high initial plant density. In this experiment, the water surface area was fully
covered, and a density of 47 g DW m−2 was inoculated. This is a higher density than
the optimal density for a maximal RGR [30]. However, LGR is maximal at 45 g DW m−2

and these densities were preferred as they maximise the absolute amount of duckweed
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produced, given a harvest frequency of 7 days [30]. Additionally, high densities limit
algal interferences. Nevertheless, RGRs of 0.172, 0.179, and 0.176 d−1 on PP, PM, and SM
were found, respectively, which are within the range reported for duckweed in laboratory
conditions, from 0.153 to 0.519 d−1 [10].

Remarkably, the SM medium (of which the parameters lie almost completely in the
optimal ranges) had a significant lower production than the duckweed grown on PM. This
is more surprising as PM also experienced toxic conditions at one point. In addition, PP
exhibited a similar production than SM. Comparably, organic fertilisers have been shown
to be more productive than inorganic fertilisers in outdoor large-scale experiments [41].

A potential element responsible for the better performance of PM could be humic
substances. Humic substances have been reported in wastewater from piggery treatment
facilities, such as the one investigated in the present study [42]. Dissolved organic material
can also be present in PP, which is released by the physicochemical degradation of the fish
feed and the fish excretions, or by microorganisms [43,44]. Past investigations have reported
the potentially growth-promoting effects of such substances for higher plants [45,46]. These
results imply that there could be bio-stimulating effects within the wastewater media,
giving waste valorisation an added productivity value. Hence, future research should
provide proof for this potential process.

Finally, duckweed productivity was equivalent to 9.1 ± 3.0, 10.7 ± 4.4 and 8.4 ± 3.0 t
DW ha−1 yr−1 on PP, PM and SM, respectively. These numbers lie within the European
productivity range predicted by Landolt and Kandeler (1987). Nevertheless, higher pro-
ductivities might be achieved by monitoring periods longer than 175 days and optimising
the density with the harvest frequency.

4.2. Driving Factors behind Die-Off of Duckweed on PM

During August, duckweed growth stopped on PM (Figure A1). A clear negative trend
in the productivity occurred from 23 July 2018 onwards, and this was not observed on
the other two media. In that week, the productivity in B.1 was below that of B.2. Two
weeks later, also in B.2 the productivity was lower than in the following cubicontainer.
Subsequently, the growth decreased two weeks later in B.3. This indicates that there was a
toxic component present in the medium that slowly flowed throughout the system with
a lag of two weeks per cubicontainer. This is approximately two thirds of the retention
time in the PM system, which is also twice the retention time of one cubicontainer in the
PM system.

Only the composition of the influent cubicontainer was monitored during the period
of die-off; considering that it took two weeks for the toxicity to manifest, it was assumed
that the toxic component should be visible in the influent cubicontainer (A) two weeks
before the drop on 23 July 2018. Although the reason behind die-off is not really known, it
was observed that pH, EC, and NH4–N approached and exceeded the theoretic toxicity
levels in the cubicontainer A of PM during this period (Figure 2). In comparison, PP, which
had a similar average NH4–N concentration to PM, never approached toxicity levels for
these parameters. The toxic NH4–N level for duckweed is in general 1350 mg/L [11];
however, at high pH and NH4–N concentrations, the risk of NH3 toxicity is much higher,
with the maximum level of NH3–N tolerated being 8 mg/L [47]. Therefore, we proposed a
correction in the maximum permissible ammonium level considering both pH and NH3–N
levels (Figure 2c). In PM, the calculated maximum level is lower than that of PP due to the
high pH.

First, the pH reached a toxic level of 9 for two weeks with a subsequent decrease. This
pH increase might have occurred too soon to cause the die-off of the plants, especially
as the duckweed productivity had reached a maximal productivity two weeks after the
medium with this pH peak was fed.
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season. These figures are compared with their according maximum level that allows duckweed
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), in which pKa equals 9.26, and the ammonia concentration

equals the toxicity level of 8 mg NH3–N l−1 [47]. Based on the measured pH, a different maximal
ammonium level was calculated.
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EC and NH4, however, exceeded their maximum growing level on 16/07/18. There-
fore, both EC and NH4–N (in interaction with pH) are potential components restricting
duckweed production on the biological effluent of the pig manure treatment. For a large
scale operation, it is recommended to constantly monitor pH, EC and ammonium which
allows the operator to dilute the influent depending on the value of these parameters. For
future research, it is interesting to consider the recirculation of the effluent of the duckweed
system to reduce the dilution water.

4.3. Environmental Performance

Considering a growing season of 175 days, the average annual N uptake of this study
ranged between 48 and 57 g N m−2 yr−1, which was much higher than those reported
for duckweed produced in a dairy wastewater lagoon, ranging between 22.4–32 g N m−2

yr−1 [15,16].
In addition to nutrient uptake, a duckweed system also removes nutrients by other

processes. For example, microbial conversion is the dominant pathway of N removal, and
sedimentation for P removal [44,45]. Indeed, for SM, PM, and PP, N uptake contributed
on average 51, 27 and 26% to the N removal, while P uptake contributed 88, 17, and 31%
to the total P removal, respectively. These findings are in line with other studies in which
duckweed was directly responsible for only 16 to 47% of the N removal and 9 and 61% of
the P removal [48]. For SM, the P uptake share is considerably higher, but this could be
because synthetic media contain less particles to settle, reducing the effect of sedimentation.

Nevertheless, the environmental performance of duckweed is comparable to that of a
study on a reed-based constructed wetland monitored on a large scale [26]. The compa-
rability between these studies is high as both were performed on the biological effluent
of piggery manure from the same farm and under the same meteorological conditions. In
short, the average N uptake by reed was only 24% of the N uptake by duckweed in our
findings [26]. Therefore, duckweed shows a much higher N uptake than a more traditional
system. However, the removal of both N and P via the harvesting of aboveground biomass
in constructed wetlands ranges generally between 100 and 200 g N m−2 yr−1 and 10 and
20 g P m−2 yr−1 [49], [50] respectively, which is higher than the values found for duckweed,
especially for N. Nevertheless, duckweed can remove N and P from waste streams and
add an extra value by producing proteins.

4.4. Nutritional Value of Protein

The nutritional quality of duckweed could be considered beneficial for human con-
sumption. The EAAI of the duckweed was on average 1.1 ± 0.1. Soybean has the same
EAAI when applying the same formula [51]. Furthermore, the quality was very similar to
that of the commercial available algae Chlorella (1.05) but lower than Spirulina (1.25) [52].
More specifically, duckweed is a source of Thr, Leu, Val, Lys, and Phe + Tyr. Only the
sulphur binding AA (Met + Cys) are below the human requirements [24], as shown in
Figure 3. It should be noted that Cys was undetected, hence, Cys was set to zero in the sum
of sulphur binding AA (Met + Cys), leading to an underestimation of the nutritional value.
Overall, duckweed can be considered a nutritive plant-based protein source, as Lys, Try,
Thr and Met are sufficiently available, which are generally low in plant protein and are
therefore commonly limiting in the human diet [53].

For broilers, Met is almost fulfilling the nutritional requirements, but Cys is deficient
(Figure 3). Therefore, Cys sources should also be provided in the feed to result in a balanced
AA profile. The EAAI is 0.99 and can be considered beneficial. Remarkably, Arg is an EAA
for broilers and it was found that duckweed grown on PM had a significantly high Arg
content. Thus, duckweed grown on PM is more nutritious for broilers than duckweed
grown on PE or SM.
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Similar conclusions can be derived for the nutritional quality of protein for pig feed.
Proteins are considered as qualitative when the Lys is sufficiently available. Therefore,
the division of all EAA by the Lys content is an index of good quality, which is presented
in Table 4. All ratios are the same or significantly higher than the ideal ratios with the
exception of Thr, which was not determined, and Cys, which did not exceed the detection
limit [22]. The combination Met + Cys is limiting. Hence, duckweed should be mixed with
Met + Cys rich ingredients or with supplements of these AA to obtain optimal growth.

Table 4. Recommended balance of amino acids in relation to lysine (= 1.00) for different swine types;
together with the ratio and standard deviation of the amino acid analysis of duckweed.

Growing Pigs
(10–120) α Pregnant Sows α Lactating Sows α Duckweed

Lys 1 1 1 1 ± 0
Met 0.3 0.37 0.3 0.33 ± 0.12

Met + Cys 0.59 0.65 0.55 0.33 ± 0.12
Thr 0.65 0.71 0.66 0.74 ± 0.02
Try 0.19 0.2 0.18 0 ± 0
Ile 0.58 0.7 0.6 0.79 ± 0.02

Leu 1 1 1.12 1.42 ± 0.03
His 0.34 0.33 0.4 0.41 ± 0.03
Phe 0.57 0.55 0.46 0.91 ±0.04

Phe + Tyr 1 1 1.14 1.55 ± 0.09
Val 0.7 0.74 0.76 1.00 ± 0.04

α Source [22].

On an annual basis, the cumulative protein production amounted to 2.9± 0.7, 3.5 ± 1.3
and 3.0 ± 0.9 t ha−1 yr−1 for PP, PM and SM, respectively. The found protein contents
(Table 1) are similar to those of soybean containing 36% of protein [54], but much less
than the frequently used protein source in feed, soybean meal without hulls, containing
49% of proteins [54]. These products are frequently imported from Brazil, Argentina, and
USA, but the average biomass and protein productivity of soy in are 3.0 t grains ha−1 y−1

and 1.0 t proteins ha−1 yr−1 [55,56]. Hence, this research achieves considerably higher
productivities than those of soybean. Even though the further optimisation of the growing
media and the thorough validation of feed/food safety requirements are still necessary, this
research confirms that duckweed is a potential plant to be used as an alternative protein
source and for treating agricultural waste streams.



Sustainability 2021, 13, 1570 16 of 26

5. Conclusions

This study confirms that duckweed can efficiently produce 8.1 to 10.7 t ha−1 yr−1

of dry biomass under a temperate maritime climate. Duckweed had an average uptake
between 274 and 327 mg N m−2 d−1, and between 65 and 70 mg P m−2 d−1. These
environmental performances are promising, allowing duckweed to be integrated in a
constructed wetland in Europe. However, outside conditions and variability between
and within the wastewaters cause a variability of both agronomic and environmental
performances and should be monitored.

Moreover, duckweed can produce 2.9 to 3.5 t proteins ha−1 yr−1 in the two tested
wastewaters, which outperform soybean productivity. Additionally, the protein is of high
quality for humans, pigs, and broilers, but sulphur binding AAs are limited.

As a result, duckweed can potentially treat pikeperch and pig manure wastewater in a
temperate maritime climate and simultaneously produce a protein-rich biomass of quality.
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Figure A1. Above, a schematic representation of the cubicontainer cascade. From left to right, the medium was pumped
with a flow pump (D) from the influent storage cubicontainer (A) into the second cubicontainer (B.1). By gravitational forces,
the water flowed down the cubicontainers cascade and was stored in the effluent storage cubicontainer (C). The duckweed
was grown on the cultivation cubicontainers (B.1; B.2; B.3). Picture of the running cascade containing the reference medium
is shown below.

Table A1. Weekly average of the meteorological data retrieved from the Belgian Royal Meteorological
Institute on demand (www.meteo.be).

Date Air Temperature Average
Photoperiod

Average Solar
Radiation

(◦C) (h) (W m−2)

30 April 2018 13 6.9 845
7 May 2018 12 11.7 527
14 May 2018 16 11.4 523
21 May 2018 12 9.3 701
28 May 2018 19 7.5 844
4 June 2018 18 6.1 862

11 June 2018 17 6.8 1037
18 June 2018 16 6.2 874
25 June 2018 16 11.4 673
2 July 2018 21 15 545
9 July 2018 21 13.2 532

16 July 2018 19 11.3 564
23 July 2018 20 10.3 598
30 July 2018 24 9.7 580

6 August 2018 22 13 516
13 August 2018 19 8.7 567
20 August 2018 18 5.4 771
27 August 2018 16 5.1 861

3 September 2018 16 8.7 775
10 September 2018 17 5 951
17 September 2018 15 8.1 475
24 September 2018 16 7.9 452

1 October 2018 11 8.9 434
8 October 2018 14 8.1 413
15 October 2018 17 9.1 331

Mean ± Stdv. 17 ± 4 8.9 ± 4.0 667 ± 337

www.meteo.be
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Table A2. Composition and cost of the synthetic medium as described as N-medium in the duckweed ISCDRA forum
volume 3 [11,27], prepared with lab grade salts and commercial fertilisers. The prices were supplied by Merck (Branchburg,
NJ, USA) for the lab grade brands and Sanac (Wervik, Belgium) for the commercial brands.

Chemical
Compound Concentration Brand Lab

Grade Price Cost Commercial
Brand Price Cost

mM mg/L EUR
/kg

EUR
/m3

EUR
/kg

EUR
/m3

KNO3 8 809 EMSURE® 42 34 Multi-K GG
Haifa 0.83 0.67

MgSO4.7H2O 1 246 EMPROVE® 10 2.6 Bittersalz
EpsoTop 0.33 0.08

Ca(NO3)2.4H2O 1 236 EMPLURA® 40 9.4 YaraLiva 0.47 0.11
KH2PO4 1 136 ReagentPlus® 40 5.4 NovaPeaK 1.30 0.18

FeNaEDTA 0.025 9.2 Titriplex® II 186 1.7 YaraVita 7.86 0.072
MnCl2.4H2O 0.013 2.6 Bioreagent 183 0.47 2.39 0.0061

H3BO3 0.005 0.31 EMSURE® 20 0.006 Borax 1.88 0.00058
Na2MoO4.2H2O 0.0004 0.097 EMSURE® 606 0.059 Sanac 40.40 0.0039

Total 53.7 1.12

Table A3. Output from the linear regression of the linear growth rate of duckweed (LGR) and relative growth rate (RGR) with
the medium parameters (a mixture of diluted pig manure wastewater: PM; pikeperch effluent: PP; and the synthetic medium:
SM), temperature, solar irradiance, and cascade effect. The intercept medium is PM (significance codes: 0 ‘***’, 0.001 ‘**’, 0.01 ‘*’,
0.05 ‘.’, 0.1 ‘ ’).

LGR Overall (R2 = 0.65; Akaike Information Criterion (AIC) = 501)

Variable Estimate Std. Error T-Value Significance Level

Intercept 180 46 3.9 0.00012 ***
Date −0.01 0.0026 −3.9 0.00012 ***

Medium PP −0.93 0.22 −4.3 2.6 × 10−5 ***
Medium SM −1.4 0.22 −6.5 8.3 × 10−10 ***
Temperature 0.18 0.030 6.1 6.8 × 10−9 ***

Solar irradiance 0.5 0.089 5.6 8.6 × 10−8 ***
Cascade effect −0.24 0.10 −2.4 0.019 *

RGR Overall (R2 = 0.47; AIC = −865)

Variable Estimate Std. Error T-Value Significance Level

Intercept 0.040 0.011 3.8 0.00018 ***
Medium PP 0.0031 0.0043 0.72 0.47
Medium SM −0.0044 0.0043 −1.0 0.30
Temperature 0.0024 0.0006 4.1 5.2 × 10−5 ***

Solar irradiance 0.010 0.001 8.4 1.8 × 10−14 ***
Cascade effect −0.0058 0.0020 −2.9 0.0037 **

Table A4. Output from the linear regression of N content of duckweed with the parameters medium (a mixture of diluted
pig manure wastewater: PM; pikeperch effluent: PP; and the synthetic medium: SM), temperature, solar irradiance en the
cascade effect. The “intercept” medium is PM (significance codes: 0 ‘***’, 0.001 ‘**’, 0.01 ‘*’, 0.05 ‘.’, 0.1 ‘ ’). The regression
was first executed on the whole dataset, and subsequently separately performed on each individual growing medium.

Overall (R2 = 0.65; Akaike Information Criterion (AIC) = 501)

Variable Estimate Std. Error T-Value Significance Level
Intercept 312 9.2 3.5 0.00079 ***

Medium PP 24 9.0 2.7 0.0096 **
Medium SM 28 9.0 3.1 0.0029 **
Temperature −136 64 −2.2 0.037 *

Solar irradiance 623 220 2.8 0.0059 **
Cascade effect −2.6 1.0 −2.6 0.011 *
Temp—date 0.0078 0.0036 2.1 0.035 *
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Table A4. Cont.

Overall (R2 = 0.65; Akaike Information Criterion (AIC) = 501)

Solar irradiance—date −0.04 0.01 −2.8 0.0058 **
Medium PP—temp −1.7 0.50 −3.4 0.0012 **
Medium SM—temp −1.7 0.50 −3.4 0.0012 **

Medium PP—Cubicontainer
(CC) −0.03 1.30 −0.025 0.98

Medium SM—CC 2.3 1.30 1.7 0.084 .

PM (R2 = 0.79; AIC = 117)

Variable Estimate Std. Error T-Value Significance Level
Intercept 39 7.4 5.30 5.8 × 10−5 ***

Temperature 1.4 0.35 4.00 0.0010 **
Solar irradiance 430 85 5.10 9.5 × 10−5 ***
Cascade effect −2.6 0.81 −3.20 0.0049 **

Solar irradiance—date −0.024 0.0048 −5.10 9.73 × 10−5 ***

PP (R2 = 0.74; AIC = 177)

Variable Estimate Std. Error T-Value Significance Level
Intercept 140 23 6.0 2.4 × 10−6 ***

Temperature −466 88 −5.3 1.3 × 10−5 ***
Solar irradiance 1740 304 5.7 4.4 × 10−6 ***
Cascade effect −2.5 0.61 −4.1 0.00032 ***

Solar irradiance—date −0.10 0.02 −5.7 4.4 × 10−6 ***
Temp—date 0.03 0.01 5.3 1.3 × 10−5 ***

Temp—solar irradiance 0.90 0.26 3.4 0.0019 **

SM (R2 = 0.32; AIC = 163)

Variable Estimate Std. Error T-Value Significance Level
Intercept −4329 1403 −3.1 0.0044 **

Date 0.25 0.08 3.1 0.0040 **
Temperature 259 83 3.1 0.0041 **
Date—temp −0.015 0.005 −3.1 0.0040 **

Table A5. Output from the linear regression of the P content of duckweed with the medium parameters (a mixture of
diluted pig manure wastewater: PM; pikeperch effluent: PP; and the synthetic medium: SM), temperature, solar irradiance,
and cascade effect. The “intercept” medium is PM (significance codes: 0 ‘***’, 0.001 ‘**’, 0.01 ‘*’, 0.05 ‘.’, 0.1 ‘ ’). The regression
was first executed on the whole dataset, and subsequently separately performed on each individual growing medium.

Overall (R2 = 0.70; Akaike Information Criterion (AIC) = 311)

Variable Estimate Std. Error T-Value Significance Level
Intercept 15 9.8 1.6 0.12

Medium PP 21 4.9 4.3 4.9 × 10−5 ***
Medium SM 30 5 6 6.0 × 10−8 ***
Temperature −64 30 −2.1 0.037 *

Solar irradiance 233 103 2.3 0.027 *
Cascade effect −1.3 0.2 −6.9 1.7 × 10−9 ***
Temp—date 0.0036 0.0017 2.1 0.037 *

Solar irradiance—date −0.013 0.0058 −2.3 0.025 *
Medium PP—temp −1.2 0.29 −4.2 7.4 × 10−5 ***
Medium SM—temp −1.5 0.29 −5.3 1.0 × 10−6 ***

Temp—solar irradiance 0.24 0.086 2.8 0.0065 **

PM (R2 = 0.82; AIC = 75)

Variable Estimate Std. Error T-Value Significance Level
Intercept 32300 13560 2.4 0.03 *

Date −1.8 0.77 −2.4 0.03 *
Temperature −2042 852 −2.4 0.03 *

Solar irradiance −15 7.2 −2.1 0.06 .
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Table A5. Cont.

Overall (R2 = 0.70; Akaike Information Criterion (AIC) = 311)

Cascade effect −1.8 0.37 −5.0 0.00023 ***
Date—temp 0.12 0.05 2.4 0.03 *

Temp—solar irradiance 0.91 0.43 2.09 0.057 .

PP (R2 = 0.58; AIC = 122)

Variable Estimate Std. Error T-Value Significance Level
Intercept 41 10 4 0.00049 ***

Temperature −91 43 −2.1 0.043 *
Solar irradiance 320 146 2.2 0.036 *
Cascade effect −1.3 0.3 −4.8 4.8 × 10−5 ***
Temp—date 0.005 0.002 2.1 0.045 *

Temp—solar irradiance 0.27 0.11 2.4 0.02 *
Solar irradiance—date −0.018 0.008 −2.2 0.03 *

SM (R2 = 0.56; AIC = 112) * No normal distribution of residuals

Variable Estimate Std. Error T-Value Significance Level
Intercept 19 2 9.4 7.0 × 10−10 ***

Temperature −0.37 0.09 −4.2 0.0003 ***
Solar irradiance 0.51 0.21 2.4 0.022 *

Cubicontainer (CC) B.2 −0.98 0.58 −1.7 0.1
CC B.3 −2 0.59 −3.4 0.0023 **

Table A6. Output from the linear regression of the N uptake of duckweed with the medium parameters (a mixture of
diluted pig manure wastewater: PM; pikeperch effluent: PP; and the synthetic medium: SM), solar irradiance, temperature,
and cascade effect. The “intercept” medium is PM (significance codes: 0 ‘***’, 0.001 ‘**’, 0.01 ‘*’, 0.05 ‘.’, 0.1 ‘ ’). The regression
was first executed on the whole dataset, and subsequently separately performed on each individual growing medium.

Overall (R2 = 0.58; Akaike Information Criterion (AIC) = 977)

Variable Estimate Std. Error T-Value Significance Level
Intercept 47302 18236 2.6 0.011 *

Date −2.7 1.02 −2.6 0.011 *
Medium PP 252 118 2.1 0.036 *
Medium SM 357 121 3 0.0042 **
Temperature 22 6.4 3.4 0.001 **

Solar irradiance −7583 3702 −2 0.044 *
Cascade effect −19 7.2 −2.7 0.0089 **

Date—solar irradiance 0.43 0.21 2.1 0.043 *
Medium PP—temp −19 7.1 −2.6 0.0098 **
Medium SM—temp −24 7.2 −3.4 0.0012 **

PM (R2 = 0.77; AIC = 250)

Variable Estimate Std. Error T-Value Significance Level
Intercept 3966 1917 2.1 0.06 .

Temperature 12400 2984 4.2 0.0007 ***
Solar irradiance −39540 10270 −3.8 0.0014 **

Solar irradiance—date 2.2 0.57 3.8 0.0015 **
Temp—solar irradiance 34 18 1.9 0.073 .

Temp—date −0.71 0.17 −4.2 0.00075 ***

PP (R2 = 0.82; AIC = 324)

Variable Estimate Std. Error T-Value Significance Level
Intercept 66010 17580 3.8 0.00088 ***

Date −3.7 0.98 −3.7 0.00099 ***
Temperature −4999 965 −5.2 2.1 × 10−5 ***

Solar irradiance 6403 2956 2.2 0.040 *
Date—solar irradiance −0.37 0.17 −2.2 0.035 *

Date—temp 0.28 0.054 5.2 2.2 × 10−5 ***
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Table A6. Cont.

Overall (R2 = 0.58; Akaike Information Criterion (AIC) = 977)

Temp—solar irradiance 13 2.5 5.0 3.0 × 10−5 ***
Solar irradiance—

cascade effect −3.9 0.88 −4.4 1.7 × 10−4 ***

SM (R2 = 0.72; AIC = 351)

Variable Estimate Std. Error T-Value Significance Level
Intercept 264 88 3.0 0.0059 **

Temperature 4629 1368 3.4 0.0022 **
Solar irradiance −13800 4818 −2.9 0.0080 **
Cascade effect −26 9.4 −2.7 0.011 *
Temp—date −0.26 0.08 −3.4 0.0022 **

Solar irradiance—date 0.78 0.27 2.9 0.0079 **

Table A7. Output from linear regression of P uptake of duckweed with the medium (a mixture of diluted pig manure
wastewater: PM; pikeperch effluent: PP; and the synthetic medium: SM), temperature, solar irradiance, and cascade effect.
The “intercept” medium is the pikeperch effluent (significance codes: 0 ‘***’, 0.001 ‘**’, 0.01 ‘*’, 0.05 ‘.’, 0.1 ‘ ’). The regression
was first executed on the whole dataset, and subsequently separately performed on each individual growing medium.

Overall (R2 = 0.62; Akaike Information Criterion (AIC) = 707)

Variable Estimate Std. Error T-Value Significance Level
Intercept 2548 900 2.8 0.0059 **

Date −0.14 0.05 −2.8 0.0064 **
Medium PP 85 40 2.1 0.039 *
Medium SM 170 44 3.9 0.0002 ***

Solar irradiance −15 6.8 −2.3 0.025 *
Cascade effect −9.6 2 −4.9 5.1 × 10−6 ***

Temp—solar irradiance 1.4 0.4 3.5 0.00077 ***
Medium PP—temp −5.3 2.4 −2.2 0.028 *
Medium SM—temp −9.6 2.5 −3.8 0.00028 ***

PM (R2 = 1.00; AIC = 95)

Variable Estimate Std. Error T-Value Significance Level
Intercept 573200 24720 23 2.8 × 10−6 ***

Date −32 1.4 −23 2.8 × 10−6 ***
Temperature −31680 1545 −21 5.1 × 10−6 ***

Solar irradiance −14890 635 −23 2.6 × 10−6 ***
Cubicontainer (CC) B.2 −3697 814 −4.5 0.0062 **

CC B.3 −4348 1106 −3.9 0.011 *
Date—temp 1.8 0.087 20 5.2 × 10−6 ***

Date -solar irradiance 0.82 0.035 23 2.8 × 10−6 ***
Temp—solar irradiance 24 1.0 24 2.5 × 10−6 ***

Date—CC B.2 0.20 0.045 4 0.0069 **
Date—CC B.3 0.24 0.061 3.9 0.011 *
Temp—CC B.2 6.40 1.2 5.5 0.0026 **
Temp—CC B.3 4.60 1.4 3.2 0.024 *

Solar irradiance—CC B.2 8.60 1.3 6.4 0.0013 **
Solar irradiance—CC B.3 0.55 1.5 0.36 0.73

PP (R2 = 0.80; AIC = 251)

Variable Estimate Std. Error T-Value Significance Level
Intercept 18320 7369 2.5 0.019 *

Date −1.0 0.41 −2.5 0.02 *
Temperature −883 420 −2.1 0.045 *

Solar irradiance −58 15 −4.0 0.00050 ***
Cascade effect −8.4 1.8 −4.6 8.7 × 10−5 ***

Temp—solar irradiance 3.6 0.83 4.4 0.00017 ***
Date—temp 0.049 0.023 2.1 0.048 *
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Table A7. Cont.

Overall (R2 = 0.62; Akaike Information Criterion (AIC) = 707)

SM (R2 = 0.71; AIC = 259)

Variable Estimate Std. Error T-Value Significance Level
Intercept 3692 1390 2.7 0.013 *

Date −0.21 0.078 −2.7 0.013 *
Solar irradiance 11 2.8 3.9 0.00061 ***

CC B.2 −12 6.2 −1.9 0.074 .
CC B.3 −23 6.4 −3.5 0.0015 **
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Figure A2. Average biomass productivity, N content, N uptake, P content, and P uptake of the
duckweed grown on (A) PP (= pikeperch effluent), (B) PM (= a mixture of dilute pig manure
wastewater) and (C) a synthetic medium (SM) for the full experiment period (175 days). On the
secondary axis, the weekly average air temperature (◦C) and total solar irradiance per week (kWh)
are shown.
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