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Lemnaceae, commonly known as the duckweed family, include the smallest flowering plants known to science.
Although duckweed holds significant potential for wastewater treatment and nutrient recycling, abiotic stress
factors prevailing in nutrient recycling systems can lead to die-off. Given the considerable inter-species and inter-
clone morphological and physiological variability, this study aimed to assess the physiological and functional
tolerance of 14 duckweed clones belonging to three different species (Lemna minor, Spirodela polyrhiza, and
Wolffia globosa) to four abiotic stress factors: electrical conductivity (salinity stress), ammonium concentration,
phosphorus concentration, and potassium concentration. In all experiments, the physiological and functional
tolerance of duckweed was monitored using a multispectral imaging platform, which enabled the assessment of
presymptomatic stress responses. The results demonstrated that L. minor clones exhibited greater physiological
tolerance to the imposed stress factors, with clone L. minor 7022 emerging as the most tolerant. No health
deterioration was observed upon exposure to high concentrations of phosphorus, ammonium, and potassium.
This study uniquely demonstrates the use of multispectral imaging as a powerful and non-destructive tool for
screening duckweed clones, offering a novel approach to optimize clone selection for its potential application in
wastewater treatment and nutrient recovery systems.

1. Introduction holds the potential to be used in a broad range of industries, e.g., food- &

feed-industry, pharmaceutical industry, wastewater management in-

Duckweed or Lemnaceae is the smallest flowering plant and is
widespread, growing on every continent except for Antarctica. Duck-
weed grows predominantly vegetatively, which allows it to duplicate its
biomass in less than two days when grown in optimal conditions (Said
et al., 1979). This family consists of five genera (Lemna, Spirodela,
Landoltia, Wolffia, and Wolffiella) and 36 different species (Bog et al.,
2019), with each species consisting of several clones. These different
species and clones differ both morphologically and physiologically. For
example, Spirodela is much larger than Wolffia (Xu et al., 2022), and
unlike the other genera, Wolffia species are all rootless (Fig. 1).

Because of its almost exponential growth and versatility, duckweed

dustry, etc. (Coughlan et al., 2022). Due to its ability to grow on polluted
wastewater and to accumulate nutrients and pollutants (phytor-
emediation), duckweed can be used in wastewater treatment plants,
where industrial, agricultural, and municipal wastewater can be treated
(Coughlan et al., 2022).

While duckweed can play a key role in valorising wastewater, the
resulting biomass may offer a resource for animal feed applications. It
contains a large amount of protein, ranging from 30 to 35 % of dry
weight, which strengthens its applicability as a feed supplement (Verma
& Suthar, 2015). In some Asian countries, duckweed is already used as
food due to its high content of essential amino acids. Due to its
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Fig. 1. Differences in morphology between the duckweed genera investigated
in this study. From left to right: Spirodela, Wolffia, and Lemna.

advantageous composition, duckweed has the potential to replace other
protein sources for feed, such as soy(bean) (Devlamynck et al., 2021).

This work focuses on the potential use of duckweed in wastewater
treatment, specifically valorising the liquid fraction of pig manure.
Currently, Europe is facing a huge manure problem. Annually, 1.4
billion tonnes of manure are produced in Europe and the United
Kingdom (Eurobserver 2025). Locations with many intensive
pig-rearing sites include Catalunya, Northern Italy, Germany, and
Poland. Due to the excessive production of manure and the poor treat-
ment thereof, agricultural run-off forms a real threat to the surrounding
waterbodies and ecosystems. Another problematic region that has to
cope with these problems and challenges is Flanders (Belgium). It has a
high pig density, estimated at 5.4 million pigs in 2022 (ILVO 2025),
which results in high amounts of pig manure being produced on a
relatively small area (13,626 km?). A part of this manure can be land
applied (max. 179 kg N /ha), but the surplus needs to be treated care-
fully. Recent studies have shown that duckweed might offer a solution to
manage this surplus ([10], (Lambert et al., 2022)). However, even
though these studies worked on quite diluted streams (a mixture of
rainwater, biological effluent, and liquid fraction), duckweed die-off
was observed at the end of the growing season in both studies.

Devlamynck et al. (Devlamynck et al., 2021) observed potassium
accumulation in the duckweed pond at the end of the season, which
caused duckweed die-off, while Lambert (Lambert, 2025) measured an
increase in phosphorus concentration. Besides potassium and phos-
phorus, ammonium (-accumulation) also constitutes a problem for
duckweed cultivation in nutrient recycling systems. In a recent study of
Stadtlander et al. (Stadtlander et al., 2023), duckweed was cultivated on
diluted chicken manure. At the end of their experiment, a decline in
health and growth of the duckweed was observed, which was attributed
to increased NH4—N concentrations, ranging from 40 — 120 mg/L. It is
indeed well known that ammonium can inhibit the growth of duckweed.
Appenroth et al. (Appenroth et al., 1996) defined optimal growth of
duckweed when using an N-medium where nitrogen is present only as
nitrate. Finally, research indicates that the liquid fraction and the
treated fraction of pig manure can be high in electrical conductivity
(Lambert et al., 2022).

Therefore, this research investigated how electrical conductivity,
ammonium, and phosphorus affect duckweed, as a step towards
strengthening its potential application in such manure treatment sys-
tems. For this, a synthetic medium was spiked with the respective abiotic
stressors. Different duckweed species and clones were selected to better
understand how these abiotic stressors affect different duckweed and to
select clones with improved physiological tolerance to the stressors for
future application in a manure treatment system. The use of
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multispectral imaging for these evaluations was chosen as a novel and
non-destructive technique, and the selection process was validated with
real manure to ensure relevance to the future intended application.

2. Material and methods
2.1. Duckweed clones and growth conditions

In this study, the effect of different abiotic stressors was evaluated on
14 duckweed clones (Table 1). The clones represented three duckweed
species: L. minor, S. polyrhiza, and W. globosa, which significantly differ
in morphology (Fig. 1).

The clones were cultivated on sterile modified Hoagland solution
(HS) (Table 2; positive control). Depending on the abiotic stress
imposed, as presented in overview Fig. 2, the HS was altered (Table 2
and Sections 2.2-2.3).

All experiments were carried out in 12-well plates, which were
placed in a controlled growth chamber at 21 °C under sunlight LED
modules (Phenovation, The Netherlands) at a light intensity of 250
umol/m?/s with a photoperiod of 16 h.

2.2. Plant tolerance to electrical conductivity: NaCl

The physiological and functional tolerance of the 14 duckweed
clones towards two NaCl concentrations (50 mM (eq. 7.4 mS/cm) and
100 mM (eq. 12.9 mS/cm)) was assessed as a proxy for increased elec-
trical conductivity (EC). The EC values of 7.4 and 12.9 mS/cm were
targeted to mimic the EC of the medium with biological effluent of pig
manure (8 mS/cm) and effluent (14 mS/cm) as described by Lambert
et al. (Lambert et al., 2022). As L. minor showed good physiological
tolerance to the tested conditions, two higher NaCl concentrations were
tested for this species, i.e., 150 and 200 mM. A formula correlating EC
and NaCl was derived from Ali et al. (Ali et al., 2013) and is represented
in Eq. (1). This formula was also verified during the experimental work,
and the measured EC were 2.1, 7.4, 12.9, 17.9, and 23.9 mS/cm,
respectively for the positive control, 50 mM, 100 mM, 150 mM, and 200
mM NacCl.

EC = 1.91 + 0.1271 (mM NaCl) )

The experiment was conducted for 14 days and the health of the
duckweed clones was evaluated as described in Section 2.6.

2.3. Plant tolerance to electrical conductivity: KCl

In addition to increasing the EC with NaCl, EC-values were increased
using KCI. KCl-concentrations were chosen to match the lower values
tested with NaCl, i.e., 2.1, 7.5 and 12.8 mS/cm. The KCl concentration
was increased to 0.05 mM, 45 mM, and 95 mM, respectively, resulting in
potassium concentrations of 8.05 mM, 53 mM, and 103 mM. The control
medium (positive control) was the same used during the NaCl
experiment.

2.4. Tolerance test to increased ammonium (NHJ) concentrations

The physiological and functional tolerance of 14 duckweed clones to
elevated ammonium concentration was evaluated in a dose-response
trial using two methods. In a preliminary experiment ammonium con-
centrations ranged between 10 mM and 42 mM, but complete duckweed
death and chlorosis could be observed after 3 days of exposure. Firstly,
nitrate was excluded from the medium, by which the ammonium was
the only nitrogen source present (Table 2: Ammonium trial: 1 mM NHZ,
Ammonium trial: 3 mM NH3). Secondly, in parallel, nitrate was added to
these ammonium solutions to investigate whether a certain amount of
nitrate could alleviate the ammonium-toxicity. Nitrate was dosed as
KNO3 (NH/NO3 = 3/1). In both methods potassium and calcium con-
centrations were maintained constant. The pH of the different
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Table 1
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Overview of the tested duckweed species and clones and their corresponding origin. The origin of some Wolffia globosa clones was not found in the database. The

clones were provided by the Flemish Institute of Biotechnology (VIB).

Lemna minor Spirodela polyrhiza Wolffia globosa
Clone Origin Clone Origin Clone Origin
6591 USA, California 0013 Vietnam, Ho Chi Minh 8346 -
7022 Spain, Cordoba 9242 Ecuador, Guayas 9006 -
9533 Macedonia, Krusje 9305 India, Andhra Pradesh 9349 Germany, Jena
9574 New Zealand, Southern Island 9316 India, Rajasthan 9569 -
SCK (5500) County Cork, Blarney, Ireland 9346 Switzerland, Ziirich
Table 2

Composition of the different media across the different tolerance experiments. The positive control is used as a basis for the other treatments (composition derived from

Ali et al. 2013). All numbers are expressed in millimolar (mM).

Ammonium trial

Phosphorus trial

Component Positive control 1 mM NH; 1 mM NH; +NO3 3 mM NHZ 3 mM NH; +NO3 Positive control 3.2mM P 3.9mM P
KNOs 6 - 0.33 - 1 6

Ca(NOy), H,0 4 - ) ; ) 4

KH,PO,4 2 2 3.2 3.87
MgS04-7H20 1 1

MoO3 0.0005 0.0005

H3BO3 0.025 0.025

FeNaEDTA 0.064 0.064

KCl 0.05" 0.05

CuSO4-5H,0 0.0005 0.0005

ZnS04-7H0 0.002 0.002

MnSO4.H,0 0.002 0.002

K2S04 - 3 2.84 3 2.5 0.94 0.34 -
CaCl, - 4 4 4 4 -

(NH4)2S04 - 0.5 0.5 1.5 1.5 -

NaCl - - - - - -

@ The concentrations of NaCl and KCl in the positive control were modified to r

L. minor
6591-7022-9533-9574-SCK

Salinity trial

Cl Cl
50 -100mM 8.05-53-103mM
NaCl
150 -200mM

Plant parameters:
Biomass & Spectral proxies

Medium parameters:
EC-value

A

Validation

100% Stripped liquid fraction

S. polyrhiza
0013-9242-9305-9316-9348

each the target EC values described in Sections 2.2 and 2.3.

W. globosa
8346-9006-9349-9569

Nitrogen Phosphorus
2-2.4-2.7mM

1-3mM

NH4* Phosphorus
NH,*

Plant parameters:
Biomass & Spectral proxies

150% Stripped liquid fraction

A

v

Plant parameters:
Spectral proxies

Fig. 2. Flow-chart with the experimen

tal layout of the material and methods.

w
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treatments amounted around 5.

2.5. Phosphorus tolerance tests

Lastly, the impact of elevated phosphorus concentrations on the
growth and health of duckweed was studied. In a preliminary test, the
concentration range comprised of: 1.8 mM (55 mg P/L), 2 mM (P-con-
centration of the negative control, 62 mg P/L), 2.4 mM (75 mg P/L), and
2.7 mM (85 mg P/L). These dosages did not affect the evaluated duck-
weed clones. In a second experiment, the phosphorus concentration was
increased up to 3.2 mM (100 mg P/L, Table 2: Phosphorus trial: 3.2 mM
P) and 3.9 mM (120 mg P/L, Table 2: Phosphorus trial: 3.9 mM P).

2.6. Validation experiment

To confirm the observed outcomes, a small validation experiment, on
actual stripped liquid fraction of pig manure, was conducted. Therefore,
two duckweed clones were tested for their behaviour and physiological
and functional tolerance towards actual pig manure effluent. In view of
the results, these two clones belonged to the species of Lemna minor, due
to their best physiological tolerance towards the investigated stressors.
The chosen clones were 7022 and 9533, where 7022 was determined as
most optimal, and 9533 as least tolerant within the species of L. minor.
The tested conditions were based on the nitrogen content of the syn-
thetic medium, and amounted 1:9 (100 % SLF, based on the nitrogen
content of the synthetic medium control, Table 2) and 1:6 (150 % SLF,
contains 1,5 times the nitrogen content of the synthetic medium control)
(Table 3). The specific properties of the stripped fraction are shown in
Table 3. The pH was adapted to 6.1 + 0.1 to mitigate the formation of
ammonia (NHs) with a 1 M HSOj4-solution (pKa = 9.25). Three syn-
thetic media, the controls, were added to the experiment: Control 100 %
N corresponds to the positive control (Table 2), Control 150 % N con-
tains the increased nitrogen content corresponding to the 150 % treat-
ment (adapted with KNO3 and Ca(NO3).H20), and lastly Control NH4-N
contains only ammonium as available nitrogen source (constant nitro-
gen concentration, adapted with ((NH4)2SO4)). The experiment lasted
13 days, whereafter a multispectral analysis was performed.

2.7. Multispectral imaging

The growth- and health-analysis of the duckweed species was carried
out using a multispectral imaging platform. This platform allowed the
real-time visualization of various physiological plant traits, based on
specific absorption, reflection, and emission patterns at a spatial reso-
lution of 6 um. A monochrome camera system, including a filter wheel,
allows pixel-to-pixel acquisition of RGB values, chlorophyll fluores-
cence, and chlorophyll content (CropReporter, Phenovation). The

Table 3
Physical properties of the different stripped liquid fractions. SLF = stripped
liquid fraction.

Component Concentration: Raw SLF 100 % SLF 150 % SLF
(mg/L) (mg/L) (mg/L)
TN 3625 402 604
NHZ 1838 204 306
P 135 15,0 22,5
Zn 12,8 1,4 2,14
Mg 64,8 7,2 10,8
Fe 34,8 3,87 5,80
Mn 5,5 0,61 0,91
Ca 213,5 23,7 35,6
Na 1091,7 121,3 182,0
K 3777 419 629,6
Al 3,06 0,34 0,51
EC (mS/cm) 25,31 4,5 6,3
pH 8,67 6,12 6,20
(adapted)
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Table 4

Overview of the screened parameters: Fv/Fm, Chlorophyll index, anthocyanin
index, and biomass, with corresponding explanation and formula. Fm =
maximum fluorescence, FO = minimal fluorescence, Fv = variable fluorescence.
p= spectral reflectance.

Parameter  Formula Meaning Biochemical Reference
relevance
Fv Fm — FO Chlorophyll Dark-adapted (Baker,
Fm Fm fluorescence efficiency of 2008)
photosystem II
Chlidx p770 Chlorophyll Proxy for foliar (Gitelson
p710 index (red chlorophyll etal,
edge) content 2003)
mARI 1 Modified Proxy for (Gitelson
(/ﬁ - anthocyanin anthocyanin etal.,
1 reflectance content in the 2009)
/ﬁ) *p770 index fronds
Roi Mask Number of Approximation -
detected plant for biomass*
pixels

" Raw biomass was not measured in the experiments, however was approxi-
mated by means of the Roi Mask (chlorophyll pixels).

parameters with their corresponding formula and biochemical rele-
vance, are listed in Table 4.

To visualize the biochemical properties of the duckweed plants, at
the end of each experiment, false-color images were made. Each image
shows the specific parameter (Chlorophyll fluorescence, Chlorophyll
index, Anthocyanin reflectance index) of the plant at a certain treat-
ment. For the chlorophyll fluorescence (Fv/Fm), the higher index values
are displayed as yellow, while lower index values correspond to orange
and red. For the chlorophyll index (Chlldx) and anthocyanin reflectance
index (Arildx), a higher index value is represented by a brighter look.

Besides the broad spectrum of advantages of the multispectral plat-
form, a main disadvantage must be highlighted. The multispectral
camera is not able to detect dead plant tissue, resulting in an underes-
timation of the obtained results (Fv/Fm-values of zero are not detected).
If this phenomenon was observed during one of the tests, this was
indicated in the discussion part of the corresponding tolerance test.

2.8. Statistical data analysis

Graph generation and statistical data analysis were performed in
RStudio (Version 4.3.2). Graphs were created using the function ggplot
(packages ggplot2 and tidyverse). Treatments and control plants were
statistically compared by means of one-way ANOVA followed by a post
hoc Tukey test using the functions aov and TukeyHSD respectively
(package stats). Normality and homoscedasticity assumptions were
verified using diagnostic plots. In the case of normally distributed data,
but heteroskedasticity, a post-hoc Games-Howell test was used. In the
case of violation of the two parametric assumptions a Kruskal & Wallis
test and post-hoc Dunn’s test were used with Bonferroni-method. All
hypotheses were tested with a significance level of 5 % (a = 0.05).

3. Results and discussion

3.1. Physiological tolerance to salt stress (NaCl) in duckweed is mainly
species-dependent

To assess the variability in salt tolerance of duckweed at both species
and clone levels, 14 duckweed clones related to three species were
grown in a base medium modified with the addition of NacCl (0, 50, 100
mM) to increase its final electrical conductivity (EC).

The chlorophyll fluorescence (Fv/Fm) of the different clones at day
14, indicative of photosynthetic activity, is shown in Fig. 3A. All
S. polyrhiza clones showed a significant reduction in photosynthetic
activity when exposed to 100 mM NacCl (eq. 12.9 mS/cm), as well as
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Wolffia globosa
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Fig. 3. A) Photosynthetic activity (Fv/Fm, chlorophyll fluorescence) and B) biomass (Roi Mask, amount of plant pixels, proxy for biomass) of different duckweed
clones subjected to increasing NaCl concentrations, represented by the different grey shades in the graph. The graph is divided into three facets, where each species is
represented in one facet. Values represent mean =+ sd of 4 replicates at 14 days after incubation. Significant differences in chlorophyll fluorescence values were

indicated with asterisk and were determined in comparison with the control of each clone at this specific day of the experiment (*,p < 0.05; **, p < 0.01,

»P <

0.001). LM = L. minor, SP = S. polyrhiza, WG = W. globosa. 0 mM = 2.1 mS/cm, 50 mM = 7.4 mS/cm, 100 mM = 12.9 mS/cm.

macroscopic visible stress symptoms (Supplementary Material,
Figure S1). The W. globosa clones did not show any macroscopic visible
stress symptoms, but the significantly declining photosynthetic activity
indicated presymptomatic stress symptoms, especially at the highest EC
value tested (12.9 mS/cm).

The L. minor clones, except LM9533, proved to be more tolerant to
100 mM NaCl (eq. 12.9 mS/cm) and the concomitant increased EC-
values, as no significant decrease in Fv/Fm values was observed. This
experiment clearly showed that NaCl and EC physiological tolerance are
both clone- and species-specific, with species being the dominant factor.
The clone and treatment interactions were investigated with a two-way
ANOVA, and interaction was observed (p < 0.05) for the spectral
proxies.

Using the detected plant pixels as a proxy for plant biomass, the
impact of increasing NaCl concentrations on plant growth was assessed
(Fig. 3B). Although no clear negative effect on photosynthesis was
observed in all but one L. minor clone, both NaCl concentrations caused a
significant reduction in growth and complete growth inhibition was
observed at 100 mM NaCl (eq. 12.9 mS/cm), with initial plant pixels of:
LM6591, 4647; LM7022, 2911; LM9533, 7500; LM9574, 6013; LMSCK,
4361. This growth reduction pattern was also observed for the

S. polyrhiza and W. globosa clones. The functional tolerance could
therefore be determined as insufficient for all evaluated clones.

To further assess the physiological and functional tolerance of
L. minor clones to NaCl and the concomitant increase in EC, the NaCl
concentration was increased up to 200 mM (eq. 23.9 mS/cm) for the
four L. minor clones showing NaCl physiological tolerance in the previ-
ous test (LM6591, LM7022, LM9574, and LMSCK) (Fig. 4).

Six days after initiating the experiment, a significant health decline
was observed for three Lemna clones (LM6591, LM9574, and LMSCK).
Only L. minor 7022 did not show this decline and maintained acceptable
health with average Fv/Fm-values of 0712 + 0006. After 10 days, a
significant reduction in photosynthetic activity was observed even for
clone 7022; however, chlorophyll fluorescence remained above 0.6,
indicating that the plant’s photosynthetic system remained healthy up to
16 days of exposure. Nevertheless, the four L. minor clones experienced
severe growth inhibitions at both 150 mM (eq. 17.9 mS/cm) and 200
mM NaCl (eq. 23.9 mS/cm), similar to the previous experiment
(Fig. 4B).

The phenotypes of the L. minor clones exposed to the higher NaCl
concentrations are visualized in Fig. 5. For the photosynthetic activity
(Fv/Fm), the red regions indicate stress; these are hardly present in
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Fig. 4. A) Photosynthetic activity (Fv/Fm, chlorophyll fluorescence) of different duckweed clones subjected to 200 mM of NaCl (eq. 23.9 mS/cm) at 3, 6, 10, and 16
days after incubation. B) Biomass (Roi Mask, amount of plant pixels, proxy for biomass) of different L. minor clones subjected to increasing NaCl concentrations,
represented by the different grey shades in the graph at day 16 of the experiment. Values represent mean =+ sd of 4 replicates. The graph is divided into 4 facets, each
corresponding to a different L. minor (LM) clone. The different grey shades correspond to the day of growth when the measurement took place. LM = L. minor.
Significant differences in chlorophyll fluorescence values were indicated with “ * ”, and were determined in comparison with the first measurement of the experiment
at 3 days of exposure (*,p < 0.05; **, p < 0.01, ***, p < 0.001).
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Fig. 5. Color and false-color of L. minor clones exposed to the different NaCl-concentrations at 14 days after exposure. Fv/Fm = chlorophyll fluorescence, proxy for
photosynthetic activity; Chlldx = Chlorophyll index, proxy for leaf greenness; mARI = modified anthocyanin reflectance index, proxy for foliar anthocyanin
accumulation. The graph is based on the measurement of the corresponding parameters on the last day of the experiment (Day 14).
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L. minor 7022 even when exposed to 200 mM of NaCl (eq. 24 mS/cm),
confirming the higher physiological tolerance of this clone to salt stress.

Regarding the chlorophyll and anthocyanin concentrations, an
increased level of both compounds is associated with a lighter appear-
ance. Overall, increasing NaCl concentrations led to an increased
anthocyanin and a reduced chlorophyll content in all evaluated clones,
including 7022, further confirming that all clones were experiencing
stress (Supplementary Material Figure S2). An increased anthocyanin
concentration can enhance the plant’s tolerance to stress (Li & Aham-
med, 2023); therefore, the higher capacity for anthocyanin production
in clone 7022 is possibly responsible for its higher physiological toler-
ance to stress. An additional explanation of the good physiological
tolerance of clone 7022 to high salt concentrations is the fact that its
sampling location (Cordoba) is situated within a high salinity region
(Gil-Marquez et al., 2017). In contrast, L. minor clone 9533 originates
from a non-saline region in North Macedonia, which resulted in a much
lower physiological tolerance towards high salinity (Ivushkin et al.,
2019). Because of the origin of clone 7022, its high-affinity carriers and
transport systems may have undergone a conformational change
whereby they can operate against the NaCl concentration gradient,
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which would result in a more controllable ion ratio (K™ transporters and
efflux pumps) (Cushman, 2001).

Al-Dakhil et al. (Al-Dakhil et al., 2023) investigated the morpho-
logical and physiological responses of S. polyrhiza after being exposed to
different NaCl concentrations ranging from 50 mM to 250 mM. Their
results differ from the present research as S. polyrhiza did not show
significant stress symptoms at 50 mM and 100 mM, which is in contrast
with the observed health reductions in Fig. 3A. A possible explanation
for this is that the sampled duckweed for their research comes from a
high-salinity region (Saudi Arabia; (Elhag, 2016)). Therefore, they
might be more adapted to tolerate salts due to environmental pressure,
indicating that acclimation or adaptive evolution of duckweed to salt
stress might be possible.

Sree et al. (Sree et al., 2015) assessed 36 duckweed clones for their
tolerance to NaCl ranging from 0 mM to 300 mM. In these tests, duck-
weed growth rates were, in general, significantly reduced when the NaCl
concentration exceeded 50 mM, as observed in the present study.
However, the authors also pinpointed S. polyrhiza clones as tolerant,
which is in contrast with the results shown in Fig. 3A. The differences
with this research are probably related to the different clones used, as we
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could also state that salt tolerance is not only species- but also
clone-specific. For the investigated W. globosa clones, the authors ob-
tained the same result as the present study (Fig. 3), with a low physio-
logical tolerance to salt stress. Regarding L. minor clones, they
determined it a salt-tolerant species, tolerating NaCl concentrations of
up to 200 mM, further confirming the present study.

In conclusion, we showed that L. minor had the highest physiological
tolerance to NaCl compared to the other two duckweed species. On a
clone level, L. minor 7022 was shown to be the most tolerant to increased
electrical conductivities, even though its growth was affected even at the
lowest tested EC values.

3.2. Duckweed tolerance to EC is cation-dependent

Devlamynck et al. (Devlamynck et al., 2021) monitored the agro-
nomic performance of L. minor grown in a mixture of rainwater, liquid
fraction of pig manure, and biological effluent of pig manure. In their
study, they concluded that potassium accumulation had deteriorating
effects on the health and growth of duckweed as it accumulated in the
system above 2000 mg K/L at the end of the growing season. Therefore,
a second salt tolerance test was conducted in this study in which the EC
of the synthetic medium was increased with KCI. The assessed conduc-
tivities amounted to 7.5 and 12.8 mS/cm (KCl concentrations of
respectively 45 mM and 95 mM), with an increased K concentration of
53 mM and 103 mM.

Regarding the chlorophyll fluorescence (Fv/Fm), similar conclusions
can be drawn as in the NaCl experiment, i.e., L. minor clones were not
affected by the increased conductivity of the medium, while some of the
S. polyrhiza clones (9242, 9305, and 9346) and all W. globosa clones
showed clear health reductions (Fig. 6A). However, in this experiment,
the photosynthetic activity of S. polyrhiza 0013 and 9316 was not
significantly reduced at the 12.8 mS/cm-treatment. Moreover, the
impact of the increased EC on the health of the Spirodela and Wolffia
clones was lower than that observed in Fig. 3A.

The chlorophyll index, which is related to the chlorophyll content, of
the L. minor clones is shown in Fig. 6B The fronds exposed to 12.8 mS/

o
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cm (95 mM KCl) had a significantly higher chlorophyll index compared
to the positive control. This observed biological phenomenon is referred
to as hormesis, in which a certain amount of stress can somehow stim-
ulate the health or growth of the organism (Mattson, 2008).

The growth of the L. minor- and W. globosa clones was not signifi-
cantly affected by the 7.5 mS/cm (eq. 53 mM K) (Fig. 6B and Supple-
mentary Material, Figure S3). When the potassium concentration
increased up to 12.8 mS/cm (eq. 103 mM), the growth of two L. minor
(7022 & 9574) and two W. globosa clones (8346 & 9006) was signifi-
cantly reduced. However, these observed reductions were to a much
lesser extent than the ones during the NaCl test with similar electrical
conductivities. The growth of almost all the S. polyrhiza clones was
significantly reduced due to the applied potassium concentrations; only
the growth of clone 9316 was not significantly reduced. The clone and
treatment interactions were investigated with a two-way ANOVA, and
interaction was observed (p < 0.05) for the spectral proxies.

To summarize the obtained results for the L. minor clones, a
comprehensive figure was made that compares the four primary pa-
rameters analysed (Fig. 7). Despite the absence of significant health
reductions, an increasing concentration of anthocyanin was observed
when the conductivity was increased, indicating some level of stress.

The differences between both salinity tests (NaCl and KCl) can be
explained by the fact that different ions have different effects on plants
at the same value of EC, as Na* had a more detrimental effect than K™ on
the health and growth of the duckweed clones. This phenomenon was
also observed by Lambert et al. (Lambert et al., 2022). Richter et al.
(Richter et al., 2019) investigated the ion-dependent metabolic re-
sponses of fava beans to salt stress. They concluded that different ions,
like Nat and K, might induce different response mechanisms due to
their different roles in cell metabolism. While sodium is not essential for
most plants (Maathuis, 2014), potassium is an essential element for the
neutralization of anions and macromolecules, the maintenance of the
membrane potential, and pH homeostasis, among other functions
(Nieves-Cordones et al., 2016). High sodium concentrations result in
osmotic stress and competition with K*uptake (Blumwald et al., 2000).
If the Na' concentration is high enough, it will eventually inhibit K*

12.8 mS/cm

o

Chlidx 10
_

Fig. 7. Color and false-color image of L. minor clones exposed to the different electrical conductivities achieved with the addition of KCl, corresponding to
respectively 0.05 mM, 45 mM, and 95 mM KCl at 14 days after exposure. Fv/Fm = chlorophyll fluorescence, photosynthetic activity; Chlldx = chlorophyll index,

proxy for leaf greenness; mARI =

modified anthocyanin reflectance index, proxy for foliar anthocyanin accumulation.
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uptake, causing metabolic disruptions.

By looking further into the research of Devlamynck et al.
(Devlamynck et al., 2021) in light of our results, it may be concluded
that potassium alone would not have been the reason why the duckweed
cultivation eventually collapsed.

3.3. Ammonium tolerance is clone-dependent

Beyond salt stress, duckweed is also exposed to potentially high
ammonium concentrations when grown on recycled nutrients. There-
fore, a base medium was adapted by excluding nitrate and adding
(NH4)2SO4 to assess the physiological and functional tolerance of
duckweed to elevated ammonium concentrations. Due to the complete
health deterioration of all clones at 10 mM NHj(eq. 180 mg/L) in a
preliminary test, the ammonium dosages were lowered to 1 mM (eq. 18
mg/L) and 3 mM (eq. 54 mg/L). The photosynthetic activity of duck-
weed clones at day 14 is shown in Fig. 8A.

Additionally, a nitrate treatment ([NHZ1/[NO3] = 3/1) was added to
assess the possible mitigation of the ammonium toxicity by the avail-
ability of a non-toxic nitrogen source. However, no mitigation activity of
nitrate was observed (Supplementary Material, Figure S4).

All S. polyrhiza and W. globosa clones showed significant health re-
ductions when exposed to the applied ammonium treatments (Table 5).
Focusing on the L. minor clones, inter-clone variability was observed.
L. minor 9574 and SCK experienced the same response as the Spirodela
and Wolffia clones, characterized by declining health after 6 days of
ammonium exposure, which was also observed for the 6591 clone under
the highest ammonium concentration, except for L. minor 7022 and
9533 (Table 5). Specifically for L. minor 7022, a slight decrease in
photosynthetic activity, in comparison with the measurement on day 1,
was observed with a stabilization after 10 days and without further
reduction after 14 days (Table 5; Fig. 8).

The anthocyanin accumulation in evaluated duckweed clones is
shown in Fig. 8B Upon comparison between the two most resistant
L. minor clones (7022 and 9533), the production of anthocyanins by
clone 7022 is significantly lower than in clone 9533, suggesting that
clone 7022 allocates less energy toward maintaining its physiological
health.

All S. polyrhiza clones were affected by the elevated ammonium
concentrations, and a correlation between the production of anthocya-
nins and photosynthetic activity can be seen. For S. polyrhiza 9242, a
strong inhibition of the photosynthetic activity was seen at both
ammonium treatments, while this was the clone with the lowest
anthocyanin production. A distinction at the frond level can be made for
the other S. polyrhiza clones; the plant tissues with a lower Fv/Fm (red
spots) have lower production of anthocyanins, as these clones are dying.

In general, plants exposed to a certain stressor experience a faster
diffusion of Reactive Oxygen Species (ROS) across the membranes
(Mittler, 2002). Anthocyanins have an antioxidant action as they scav-
enge the stress-induced ROS whereby they eventually reduce the
oxidative stress (Xu & Rothstein, 2018).

No macroscopic stress symptoms were observed for the W. globosa
clones during the experimental period. However, significant health re-
ductions (~Fv/Fm) were observed for all clones at both ammonium
treatments, which indicates the presence of presymptomatic stress.

Besides the chlorophyll fluorescence and anthocyanin production,
the biomass was monitored as well (Fig. 8 and Supplementary Material
Figure S5). Significant growth reductions were observed for almost all
S. polyrhiza and W. globosa clones, but only for one L. minor clone (SCK)
in the highest ammonium concentration.

Huang et al. (Huang et al, 2013) investigated the effect of
ammonium-induced oxidative stress on the health and growth of
L. minor. They concluded that L. minor grew well in the presence of an
ammonium concentration ranging between 0.5 mM and 3 mM. When
the ammonium concentration was increased to 4 mM, mild chlorosis was
observed. In the present study, chlorosis was already observed at 3 mM
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for L. minor 9574 and SCK, but not for the other L. minor clones, further
confirming intra-species differences in response to stress factors. The
origin of the clones is of great importance, as clones sampled from a
ammonium-containing waterbody, developed a certain physiological
tolerance to ammonium. However, the ammonium concentrations in the
waterbodies from which the clones used in this study were sampled are
not known to the authors.

Chong et al. (CHONG et al., 2005) investigated the impact of
elevated ammonium concentrations on S. polyrhiza. They concluded that
this species tolerates NHj concentrations up to 28.6 mM, which is much
higher than the determined 1 mM NHjin the present study. The
S. polyrhiza clone used by Chong et al. (CHONG et al., 2005) was
sampled from a waterbody already containing 2.86 mM NHJ. Due to its
origin, the duckweed might already be acclimated to the presence of
ammonium, which explains the different outcomes when compared to
the present study.

Zhou et al. (Zhou et al., 2021) concluded that W. globosa preferred
ammonium over nitrate as a primary nitrogen source. The health and
growth of W. globosa were not negatively affected when the concen-
tration was increased up to 5 mM NHJ. These observations were not
confirmed by the present study, in which W. globosa clones showed
presymptomatic stress, along with small reductions in growth at 3 mM
NHj.

3.4. High tolerance to elevated phosphorus concentrations

In Flanders, a duckweed system for the treatment of pig manure was
investigated in a previous study (Lambert, 2025). After one growing
season, phosphorus accumulation was observed in the nutrient recycling
system, accompanied by duckweed die-off, suggesting a correlation
between the two occurrences. Therefore, in the current study two ex-
periments were set up to assess the individual impact of increased
phosphorus concentrations on the 14 studied duckweed clones.

At first the impact of 1.8 mM (eq. 55 mg P/L), 2.4 mM (eq. 75 mg P/
L), and 2.7 mM (eq. 85 mg P/L) on the health and growth of the clones
was investigated. At the end of the experimental period neither growth
nor health reductions were observed. Hence, the phosphorus concen-
tration was increased to 3.2 mM (eq. 100 mg P/L) and 3.9 mM (eq. 120
mg P/L) (Fig. 9).

S. polyrhiza clones were proven to be the most susceptible to a
phosphorus concentration of up to 3.9 mM (eq. 120 mg/L) (p < 0.002).
Nevertheless significant health reductions were only observed at the
highest phosphorus concentration. Within the species of S. polyrhiza,
only clone 9346 was able to maintain its health during the experimental
period at both treatments. However, the biggest part of the fronds did
not contain enough chlorophyll to be detected by the camera system, by
which only the healthy tissues were monitored, resulting in an incorrect
analysis and outcome. There were health reductions visible. Despite
significant health reductions for S. polyrhiza clones, no significant
growth reductions were observed across the different phosphorus
treatments, except for clone 0013 (p < 0.05) (Supplementary Material,
Figure S6).

For the L. minor and W. globosa clones, no significant differences in
anthocyanin accumulation were observed upon increased the phos-
phorus concentrations, indicating that the clones are easily maintaining
their health (Supplementary Material, Figure S7A). Additionally, the
chlorophyll content was high across all treatments, and was not further
reduced with increased phosphorus concentrations (Supplementary
Material, Figure S7B). Generally, no significant growth reductions were
observed for W. globosa and L. minor clones (p > 0.05) (Supplementary
Material, Figure S6). The color and false-color images of the L. minor and
W. globosa clones are shown in the Supplementary Material, Figure S8.
The clone and treatment interactions were investigated with a two-way
ANOVA, and interaction was observed (p < 0.05) for the spectral
proxies.

Landolt & Kandeler (Landolt & Kandeler, 1987) stated that the
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Fig. 8. A) Chlorophyll fluorescence (Fv/Fm, proxy for photosynthetic activity),B) Modified anthocyanin reflectance index (mARI, proxy for foliar anthocyanin
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comparison with the control (*,p < 0.05; **, p < 0.01, *** p < 0.001). 1 mM NH4 = 18 mg/L, 3 mM NH; = 54 mg/L.

10




L. Audenaert et al.

Table 5

Chlorophyll fluorescence (Fv/Fm, proxy for photosynthetic activity) at 3, 6 and
10 days after exposure at 3 mM NHj . Significant differences were indicated with
an asterisk and were calculated per clone in comparison with the first mea-
surement of the experiment at 3 days of exposure (*, p < 0.05; **,p < 0.01; ***,p
< 0.001). LM = Lemna minor, SP = Spirodela polyrhiza, WG = Wolffia globosa.

Duckweed Clone Day 3 Day 6 Day 10

L. minor 6591 0.697 + 0.004 0.683 + 0.019 0.642 =+ 0.004**
L. minor 7022 0.718 £ 0.005 0.702 £ 0.013 0.698 + 0.006

L. minor 9533 0.689 + 0.010 0.677 £+ 0.011 0.662 + 0.014*
L. minor 9574 0.672 + 0.011 0.624 + 0.01 0.579 =+ 0.028*
L. minor SCK 0.703 £+ 0.01 0.692 £ 0.012 0.583 £ 0.039%**
S. polyrhiza 0013 0.653 + 0.04 0.628 + 0.009 0.553 + 0.074

S. polyrhiza 9242 0.630 =+ 0.007 0.616 + 0.016 0.523 =+ 0.062

S. polyrhiza 9305 0.661 + 0.035 0.628 + 0.023 0.632 £ 0.025

S. polyrhiza 9316 0.693 £ 0.004 0.658 + 0.022 0.534 £ 0.025%**
S. polyrhiza 9346 0.654 + 0.005 0.603 + 0.028 0.621 + 0.008
W. globosa 8346 0.633 + 0.013 0.618 + 0.005 0.570 =+ 0.010%*
W. globosa 9006 0.697 £+ 0.017 0.704 £+ 0.013 0.629 £ 0.015%**
W. globosa 9349 0.630 + 0.009 0.630 + 0.003 0.583 + 0.0255
W. globosa 9569 0.683 + 0.017 0.670 + 0.011 0.569 =+ 0.029%**

maximum tolerable phosphorus concentration in the medium, reducing
the maximum growth rate by half, amounts to 1.75 mM (eq. 54 mg/L)
for both L. minor and S. polyrhiza. In a more recent study Lasfar et al.
(Lasfar et al., 2007) observed that, for a clone of L. minor, the intrinsic
growth rate remained maximal up to 10 mg P/L with a slight reduction
with an increasing phosphorus concentration up to 1.75 mM (eq. 54 mg
P/L); however, at this higher concentration, the growth rate was not
reduced by half, as reported by Landolt & Kandeler (Landolt & Kandeler,
1987). Additionally, in the present study, no significant growth re-
ductions were observed when the phosphorus concentration was further
increased from 1.75 mM (eq. 54 mg/L) to 3.9 mM P (eq. 120 mg/L) for a
number of clones. These observations give further insight into duckweed
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growth when the phosphorus concentration exceeds 1.75 mM (eq. 54
mg/L), and indicate that such higher concentrations do not negatively
affect the photosynthesis, chlorophyll content, and growth of some
duckweed clones, once more confirming the clone-specificity of the
physiological tolerance of stress.

In contrast with the observed duckweed death in the mentioned
nutrient recycling system (Lambert, 2025), which was pointed out to be
caused by phosphorus, no health reductions were seen when only the
phosphorus concentration was raised. Therefore, phosphorus accumu-
lation was probably not the only cause for the observed duckweed
die-off.

3.5. Validation: stripped liquid fraction of pig manure

In the validation experiment, two Lemna minor clones, 7022 and
9533, were cultivated on two different dilutions of stripped liquid
fraction of pig manure. These were chosen due to their high and low
physiological tolerance as observed in the previous tests. The results of
the experiment are shown in Figs. 10 and 11, and the significant dif-
ferences were calculated in comparison with the corresponding control.

When exposed to the treatment of 100 %-SLF for 13 days, no sig-
nificant health reductions could be observed for L. minor clone 7022,
while clone 9533 experienced a significant health reduction when
compared to the Control 100 % N. Additionally, the L. minor 7022 clone
had a significantly higher (p = 0.00374, TukeyHSD) chlorophyll fluo-
rescence (photosynthetic activity, Fv/Fm) than the L. minor clone 9533
at the treatment of 100 % SLF.

Despite its lower photosynthetic activity, the chlorophyll content
and anthocyanin production of L. minor clone 9533 were not signifi-
cantly different from L. minor clone 7022. Nevertheless, in comparison
with the controls, the chlorophyll content of clone 9533 was signifi-
cantly reduced (p < 0.001, TukeyHSD) after 13 days of exposure at the
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Fig. 9. Chlorophyll fluorescence (Fv/Fm, proxy for photosynthetic activity), at 14 days after incubation of different duckweed clones subjected to increasing
phosphorus concentrations, represented by the different grey shades in the graph. The graph is divided into three facets, each corresponding to the evaluated
duckweed species. Values represent mean =+ sd. Significant differences were determined in comparison with the control of each clone at this specific day of mea-
surement (*,p < 0.05; **, p < 0.01, ***, p < 0.001). LM = L. minor, SP = S. polyrhiza, WG = W. globosa. 3.2 mM (eq. 100 mg P/L) and 3.9 mM (eq. 120 mg P/L).
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Fig. 10. Chlorophyll fluorescence (Fv/Fm, proxy for photosynthetic activity), B) Chlorophyll index (Chlldx, proxy for chlorophyll content), C) Modified anthocyanin
reflectance index (mARI, proxy for foliar anthocyanin accumulation) after 13 days of exposure to the stripped liquid fraction. The 100 % SLF (NH4-N), Control 100 %
N and Control NH4-N have the same nitrogen concentration of + 200 mg/L, while the 150 % SLF (NH4-N) and Control 150 % N have the same nitrogen con-
centration of + 300 mg/L. LM = Lemna minor, SLF = Stripped liquid fraction. Values represent mean =+ sd of 3 replicates. Due to the complete death and chlorosis of
the L. minor 7022 fronds at 150 % stripped liquid fraction, no bar is plotted. Significant differences were determined in comparison with the corresponding control of
each clone at this specific day of measurement (*,p < 0.05; **, p < 0.01, ***, p < 0.001).
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Fig. 11. Color and false-color image of the two L. minor clones exposed to the different dilutions of stripped liquid fraction of pig manure at 13 days after exposure.
The 100 % SLF (NH4-N), Control 100 % N and Control NH4-N have the same nitrogen concentration of + 200 mg/L, while the 150 % SLF (NH4-N) and Control 150 %
N have the same nitrogen concentration of + 300 mg/L. Fv/Fm = chlorophyll fluorescence, photosynthetic activity; Chlldx = chlorophyll index, proxy for leaf

greenness; mARI =

100 % SLF-treatment. These observed phenomena confirm the outcomes
of the tolerance tests, validating that L. minor clone 7022 is more capable
of maintaining its health when grown on these specific agricultural
wastewaters.

For both clones, complete death and chlorosis were observed after 14
days when exposed to the treatment of 150 % stripped liquid fraction
(SLF); for L. minor 7022, insufficient (active) biomass was detected for a
multispectral analysis (Figs. 10 and 11). For L. minor clone 9533, only a
limited amount of biomass was detectable for a multispectral analysis,
whereby the measured spectral proxies are not representative of the

modified anthocyanin reflectance index, proxy for foliar anthocyanin accumulation. LM = Lemna minor, SLF = Stripped Liquid Fraction.

statistical analysis was not performed on this specific treatment.

Focusing on the biomass, growth was observed for both clones in the
100 % SLF treatment. However, a growth reduction was observed when
compared to the Control 100 % N of respectively 54 % and 41 % for
L. minor 7022 and L. minor 9533 (data not shown). For the 100 % SLF
treatment, the relative growth rates (RGR) estimated respectively
0.0527 and 0.0684. Nonetheless, the RGR of L. minor 7022 at 100 % SLF
was 18 times higher than the RGR at the Control NH4-N.

As expected and described in Section 3.3, both clones were clearly
stressed when exposed to the medium with ammonium as the only ni-

actual physicochemical properties of the fronds. Therefore, the trogen source (Control NH4-N, Fig. 11). These health reductions were
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not seen when the clones were grown on the 100 % SLF (containing the
same concentration of ammonium). Moreover, in the ammonium
tolerance tests, 3 mM was the threshold value for both clones, while in
the validation experiment, the clones maintained their health at
ammonium concentrations of 11 mM. This can be explained by the fact
that (treated) pig manure is a complex organic matrix, in which in-
teractions between the different components can have an impact in the
toxicity of a certain stressor.

Based on this validation experiment, the results of the tolerance tests
were preliminarily confirmed and point to the importance of the use of a
specific clone in nutrient recycling systems. Nevertheless, further vali-
dation is necessary in a more realistic system, in which duckweed is
harvested constantly to favor its continuous growth and nutrient uptake.

3.6. Further guidelines for a nutrient recycling system

Heatmaps were made summarizing the obtained results, based on the
chlorophyll fluorescence (Fv/Fm, Fig. 12) and the biomass (Roi Mask,
Supplementary Material, Figure S9) at the last day of each experiment.
Both heatmaps are standardized, meaning that the control was consid-
ered as 100 %. In none of the experiments, a complete growth inhibition
was seen, except in the NaCl experiment (Supplementary Material,
Figure S9), although the L. minor plants were still considered healthy
(Fv/Fm > 0.7). The extreme conductivities tested represent raw pig
manure and raw stripped pig manure, while in wastewater treatment
systems, duckweed will never be grown on pure liquid fraction, but al-
ways on more diluted one, thereby mitigating complete growth
inhibition.

Based on the research outcomes (Fig. 12), the ionic stress was mainly
determined at the species level while the ammonium-induced stress was
mainly clone-dependent. A possible hypothesis for this observation is
that physiological salt tolerance mainly lies in mechanisms like ion
transporters and ion homeostasis, which control the abiotic stress
(Duque et al., 2013). On the other hand, ammonium stress is more
complex and relies on enzyme regulation and reactive oxygen species,
which can differ between different clones (Shilpha et al., 2023).

Duckweed can be introduced as a sustainable alternative in waste-
water treatment due to its bioremediating activity. However, as pointed
out in the present study, inter-species variability is a dominant factor
when it comes to the exposure to certain stressors. Wastewaters from
different origins often contain elevated concentrations of specific nu-
trients, depending on their source. To assure good health and growth of
the duckweed, the provided heatmaps may serve as a framework to
know which species to use.

Based on the present study, S. polyrhiza clones were determined as
the least optimal for wastewater treatment due to the declining health in
each experiment, followed by growth limitations. The Wolffia clones
mainly showed presymptomatic stress, which was confirmed by the
absence of macroscopic health issues but accompanied by a declining
photosynthetic activity. The good health and growth of the L. minor
clones in the present study confirm that this duckweed species is well-
suited for use in nutrient recycling systems with elevated concentra-
tions of phosphorus and potassium (and corresponding elevated
conductivities).

In general, both ammonium and high NaCl concentrations were
shown to be the most detrimental factors for the growth, regardless of
the evaluated clone or species. These parameters need to be properly
managed in nutrient recycling systems to ensure beneficial health and
growth of the used duckweed clone.

Based on the chosen stress conditions, number of clones, monitored
parameters, and outcomes, the present work innovates in methodology
and the evaluation of candidate duckweed clones for wastewater treat-
ment. Nevertheless, further research is necessary to couple these out-
comes to the mechanistic understanding of the duckweed stress
physiology to potentially guide the improved use of duckweed in
nutrient recovery systems.
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4. Conclusion

The present study aimed to investigate and visualize the inter-species
and inter-clone variability in the family of Lemnaceae for their physio-
logical and functional tolerance towards stressors related to nutrient
recovery systems. The physiological tolerance of duckweed was shown
to be mainly dependent on species rather than on clone level. However,
inter-clone variability was observed when the clones were exposed to
higher ammonium concentrations. On the species level, L. minor clones
were proven to be the most tolerant, while the clone L. minor 7022
showed the highest physiological tolerance. This clone showed only
minor growth reductions, with no health deterioration, at high con-
centrations of potassium and phosphorus. Its growth was only drasti-
cally reduced when exposed to high NaCl concentrations, where only 15
% of its growth was maintained in comparison to the control. Its high
photosynthetic activity was combined with a relatively low production
of anthocyanins, which states that this plant easily maintains its health
in extreme conditions. The inter-clone variability and the physiological
tolerance of L. minor 7022 were further confirmed when clones were
grown on stripped pig manure, indicating that multispectral imaging is a
useful measurement technique for duckweed clone screening under
induced stress conditions. Furthermore, this research strengthens the
potential application of duckweed in manure treatment systems.
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