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Abstract

Anthropogenic pressure on aquatic environments is currently associated not only with the
inflow of nutrients, but also with the presence of municipal micropollutants and complex
mixtures of sewage origin. This study aimed to evaluate the growth response of Lemna minor
(L. minor) and the behavior of the plant-medium system under conditions of a controlled
chemical gradient reflecting an increasing degree of anthropogenic transformation of
the aquatic environment. The experimental setup included four synthetic media: two
variants of river water with varying anthropogenic loads and two variants of synthetic
wastewater, one of which was enriched with caffeine as a marker of municipal pressure. The
experiment was conducted in two independent 14-day series, analyzing changes in nitrate
and orthophosphate concentrations, pH, conductivity, plant morphological condition,
and final biomass. The most favorable growth conditions for L. minor were found in the
river variants, especially in the medium with higher loading, whereas the wastewater
variants caused growth inhibition, deterioration in plant condition, and greater instability
of physicochemical parameters. In the wastewater media, nitrate concentrations did not
show a consistent net decrease, while orthophosphate concentrations remained high. These
observations indicate that the measured nutrient forms were not effectively reduced under
the tested conditions. However, the processes responsible for their temporal patterns could
not be identified from the monitored parameters. The addition of caffeine modified the
system’s response, but its effect was not quantitatively consistent across both series. The
results confirm the usefulness of synthetic media for modeling anthropogenic pressure
gradients.

Keywords: L. minor; anthropogenic pressure; synthetic media; wastewater; river water;
caffeine; phytoremediation; nutrient dynamics

1. Introduction

Anthropogenic pressure is one of the main factors transforming today’s aquatic envi-
ronment. Surface waters, particularly in urbanized watersheds, are subject to the combined
effects of municipal wastewater discharges, nonpoint source runoff, and changes in water-
shed land use. One of the best-recognized effects of this pressure is eutrophication, defined
as the excessive enrichment of water with nitrogen and phosphorus compounds, leading
to an increase in primary biomass, algal and cyanobacterial blooms, disturbances in the
trophic balance, and deterioration in oxygen conditions [1-3]. Although eutrophication
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remains the primary framework for interpreting anthropogenic changes in water quality,
it does not fully capture the complexity of contemporary municipal impacts on aquatic
ecosystems [2,4].

In the classical approach, the assessment of anthropogenic pressure on water bodies is
based primarily on the analysis of trophic indicators and organic pollution parameters, such
as total nitrogen, ammonium nitrogen, nitrates, total phosphorus, orthophosphates, BODs,
and COD. These parameters remain fundamental for characterizing biogenic pressure and
designing wastewater treatment processes; however, they are insufficient to fully describe
contemporary municipal impacts on the aquatic environment. In addition to traditional pol-
lutants, surface waters and municipal wastewater also contain micropollutants, including
pharmaceuticals, personal care product ingredients, fragrances, surfactants, artificial sweet-
eners, and other biologically active compounds [4,5]. Even at trace concentrations, these
substances can affect aquatic organisms and alter the ecosystem’s response to concurrent
nutrient loading [6,7].

For this reason, modern water quality assessment requires broadening the interpreta-
tion beyond classic trophic parameters to include compounds characteristic of municipal
pollution. Caffeine, widely recognized as a useful marker of domestic wastewater pollution,
is of particular importance here. Its usefulness stems from its widespread consumption,
frequent presence in raw and treated wastewater, good analytical detectability, and reg-
ular occurrence in receiving waters influenced by sewer systems, stormwater overflows,
and domestic discharges [8-10]. In environmental studies, caffeine primarily serves as
an indicator, as it signals broader municipal pressure associated with the presence of a
mixture of other biologically active compounds originating from households and domestic
and industrial wastewater [11-13]. This perspective is of significant importance in experi-
mental studies involving aquatic organisms. Municipal micropollutants do not necessarily
cause acute toxicity alone, but may induce more subtle growth and physiological changes,
including inhibition of biomass growth, changes in pigmentation, disturbances in photo-
synthetic processes, and alterations in organisms’ responses to other components of the
medium [6,14-16].

In this context, Lemna minor (L. minor), commonly known as duckweed, is one of the
best-studied aquatic macrophytes used both in assessing the toxicity of pollutants and
in analyzing the potential for biological water treatment. Its importance stems from its
simple morphological structure, rapid growth, vegetative reproduction, minimal space
requirements, and high sensitivity to changes in the chemical composition of the aquatic
environment [7,17,18]. As an indicator organism, L. minor exhibits a rapid and measurable
response to environmental stress, including changes in the rate of multiplication, thallus
development, content of assimilatory pigments, and final biomass production [6,17,19-21].
Duckweed also exhibits documented phytoremediation potential, resulting from its effec-
tive uptake of nitrogen and phosphorus compounds, and in some cases also from its role in
removing other pollutants, including metals and selected organic compounds [19,20,22-24].
The indicator and phytoremediation functions thus complement each other, making L.
minor a suitable research subject for analyzing media with diverse chemical compositions
and varying degrees of anthropogenic pressure [6,7,14].

The importance of L. minor is further underscored by its practical application in
treatment systems based on floating plants. Duckweed systems have long been consid-
ered a solution for removing nutrients from municipal wastewater, aquaculture effluents,
agricultural runoff, and other water bodies with elevated nitrogen and phosphorus lev-
els [22,23,25]. Their advantages include low energy consumption, relative operational
simplicity, and the ability to combine nutrient removal with biomass production [20,24].
At the same time, the effectiveness of such systems depends heavily on environmental
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and operational conditions, including the composition of the medium, biomass density,
retention time, seasonality, and the nature of the incoming pollutants [22-27]. For this
reason, controlled laboratory studies remain an essential tool for distinguishing between
conditions that promote duckweed growth and factors that induce physiological stress and
limit the effectiveness of treatment processes [23-26].

Synthetic media are particularly useful in this type of analysis; their main advantage
is the ability to deliberately control their chemical composition in a repeatable and repro-
ducible manner, while limiting the uncontrolled variability characteristic of environmental
matrices [17]. In contrast, real-world water and wastewater are characterized by signifi-
cant temporal and spatial variability resulting from hydrological conditions, seasonality,
ongoing pollutant inflow, and the impact of local sources of anthropogenic pressure. This
variability makes it difficult to unambiguously interpret the observed biological responses.
Synthetic media, on the other hand, allow for the recreation of precisely defined water
quality scenarios, varying in biogenic load, ionic composition, and the presence of se-
lected markers of municipal origin [23,25,28-30]. Their usefulness has been confirmed in
numerous studies on the growth of L. minor, nutrient uptake, and the assessment of phytore-
mediation potential in controlled model systems. They have been successfully used, among
other things, to simulate aquaculture and dairy wastewater, which has enabled a detailed
analysis of treatment processes occurring under laboratory conditions [23,26,28,29].

Under real-world conditions, anthropogenic pressure is gradual rather than binary.
Water bodies receiving municipal and urban effluents are exposed not to a single factor,
but to an increasing complexity of chemical composition [31]. For this reason, the response
of aquatic organisms should be analysed not only in relation to a single water quality
parameter, but also in relation to a gradient of environmental pressure [7,31,32]. The
experimental setup included four synthetic media: two variants of river water with varying
anthropogenic loads and two variants of synthetic wastewater, one representing the base
wastewater matrix and the other enriched with caffeine as a marker of municipal pressure.
Such a setup allows for comparison between river-water variants differing in anthropogenic
loading and between wastewater variants with and without caffeine, whilst maintaining
comparability between the variants [23,24,28]. However, because no caffeine-only control
was included outside the wastewater matrix, the independent effect of caffeine cannot be
fully separated from the overall wastewater effect.

This study aimed to assess the growth response of L. minor and the behavior of the
plant-medium system in synthetic water and wastewater media reflecting an increasing de-
gree of anthropogenic alteration of the aquatic environment. Changes in the concentrations
of nitrogen and phosphorus compounds were analysed, and an assessment was made as to
whether the presence of caffeine, used as a model marker of municipal pressure, was asso-
ciated with a modified plant-medium response relative to the corresponding wastewater
variant without added caffeine. It was assumed that the response of L. minor would depend
on the complexity of the medium, and that the introduction of the municipal pressure
marker would further alter the course of this response under controlled conditions.

2. Materials and Methods
2.1. Experimental Set-Up and Incubation Conditions

The experiment was carried out in glass aquariums with fittings and a nominal capac-
ity of 20 L (AQUAEL, Suwatki, Poland) (Figure 1). The working volume in each tank was 14
L. In each aquarium, an internal filter with an aeration function was installed (nominal flow
rate 220 L-h~') and operated continuously under identical settings in all variants to ensure
comparable mixing and aeration conditions, reduce stagnant zones, and maintain water
movement within the plant-medium system. Under such conditions, continuous aeration
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may also have promoted oxygen-dependent and microbiologically mediated processes, in-
cluding nitrification, biofilm development, and transformations of nutrient forms; however,
these processes were not monitored directly and are therefore interpreted only as potential
contributors to the observed changes. The setup was also equipped with an automated
LED lighting system controlled by a timer. The light cycle was 8 h-d !, and the medium
temperature was maintained within the range of 20-22 °C. The irradiance at the water
surface was 23.6-24.8 W/m?, which corresponded to approximately 100-120 pmol-m 2.5~
PPFD for white LED light. The experiment was conducted in two independent 14-day
series performed as separate temporal repeats. Each series constituted a newly established
experimental run conducted according to the same predefined experimental protocol, using
freshly prepared media and newly introduced plant biomass. These series were treated as
independent experimental runs, whereas triplicate measurements at each sampling point
represented analytical replicates only.

Figure 1. View of the experimental setup with the aquariums used in the experiment.

2.2. Preparation of Media and Plant Incubation

Ten grams of fresh L. minor biomass was introduced into each aquarium, ensuring a
uniform initial biomass across all experimental treatments. The studies were conducted
using four different medium variants prepared on the basis of distilled water, which
helped to minimize uncontrolled chemical background factors and ensure consistency in
composition. Distilled water was used intentionally to create a controlled model system,
allowing the composition of each medium to be defined by the added constituents only,
rather than by variable background alkalinity, dissolved organic matter, trace components,
or microbial load present in natural waters.

The experimental setup included two variants of synthetic river water with varying
anthropogenic loads: V1—synthetic river water with a lower load and V2—synthetic river
water with a higher load. In addition, two variants of synthetic wastewater were used:
V3—synthetic wastewater and V4—synthetic wastewater with the addition of caffeine
as a marker of municipal pressure. These media were intended as standardized model
wastewater matrices for controlled laboratory comparison and were not designed to repro-
duce separate real domestic and industrial wastewater streams. The wastewater variants
were formulated on the basis of PN-72/C-04550 [33], used here as a technical source for a
reproducible model matrix rather than as a regulatory benchmark. Its general composition
is comparable to internationally recognized synthetic sewage media described in OECD
Test Guideline 303 and the equivalent EU Test Method C.10, although the specific nitrogen
and phosphate sources differ [34,35]. The detailed composition and concentrations of the
components in the individual variants are presented in Table 1.
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Table 1. Composition and concentrations of components in the synthetic media used in the individual

experimental treatments.

Ingredient [ Vl_l V2_1 V3_1 V4_1
mg-L-1] [mg-L-1]] [mg-L-1]] [mg-L-1]
NaCl (anhyd.) 5.0 15.0 7.0 7.0
CaCl,-2H,0 7.9 105 4.7 47
MgSOy-7H,0 73 12.1 2.0 2.0
NaHCO; (anhyd.) 4.0 5.0 - -
NapSOy4 (anhyd.) 1.0 2.0 - -
KNOj3 (anhyd.) 1.0 25 - -
NH,Cl (anhyd.) - 1.25 20.0 20.0
KH,POy4 (anhyd.) 0.5 1.0 20.0 20.0
Na,SiO3-5H,0 1.2 1.2 - -
Peptone (AR) 2.0 8.0 - -
Humic +( 1f:\il)vic acids 20 50 3 3
FeCl;-6H,0 0.27 0.27 - -
MnSO,-H,O 0.09 0.09 - -
ZnS0,-7H,0 0.14 0.14 - -
Nutrient broth - - 105.0 105.0
Peptone (Casein) - - 156.0 156.0
K,HPOy (anhyd.) - - 50.0 50.0
Caffeine - - - 1.0
Ammonium nitrogen, LOQ 0334+0.02  524+023 5244022
N-NH4
Total nitrogen, TN 0.48 + 0.024 1.97 £+ 0.09 39.14 £ 1.96 39.43 £ 1.98
Total phosphorus, TP 0.11 £ 0.006 0.23 +£0.01 13.44 4+ 0.67 13.44 4+ 0.65
TOC 2.00 £+ 0.09 6.50 £+ 0.33 115.80 + 4.8 116.29 £5.2

2.3. Experimental Methodology

During the experiment, the basic physicochemical parameters of the medium were
monitored. In situ measurements included temperature, pH, and specific electrical con-
ductivity. In situ measurements were performed using an Elmetron CX-505 multifunction
meter (Zabrze, Poland) equipped with a Hydromet ERH-11A pH electrode and a Hydromet
CD-201 conductivity probe (Gliwice, Poland)

Turbidity was measured using the nephelometric method with a HACH TL23 labo-
ratory turbidity meter (manufactured in Loveland, CO, USA). At the same time, samples
were taken for laboratory analysis of nitrate and orthophosphate concentrations. The
analyses were carried out using a spectrophotometric method with a HACH DR 6000
spectrophotometer (manufactured in Diisseldorf, Germany), employing LCK339 cuvette
reagent tests for nitrates and LCK348 for orthophosphates, in accordance with the manu-
facturer’s procedure.

Ammoniacal nitrogen was determined spectrophotometrically using ready-made tests
from HACH (method 8155 Powder Pillows—salicylate method). Total nitrogen was deter-
mined spectrophotometrically using the Koroleff mineralisation method (peroxodisulphate)
and photometric detection with 2,6-dimethylphenol, using HACH cuvette test LCK. To-
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tal organic carbon (TOC) was determined in accordance with PN-EN 1484 [36] using a
Multi N/C 3100 TOC analyzer from Analytik Jena (manufactured in Jena, Germany), and
phosphates by the spectrophotometric method with ascorbic acid in accordance with the
methodology described by Hermanowicz et al. (1999) [37].

A key element of the study was the observation of macrophyte morphology, including
an assessment of external appearance, the identification of symptoms of chlorosis and
necrosis, and an evaluation of the plants” overall condition depending on the type of
medium. Observations were carried out throughout the entire incubation period. Selected
observations of macrophyte morphology were carried out using an Olympus BX41 optical
microscope (manufactured by Olympus Corporation in Tokyo, Japan).

At the end of each 14-day series, biometric measurements were taken, including the
determination of fresh and dry biomass. Wet mass was determined immediately after
the end of the experiment, following separation of the biomass from the medium and
draining off excess water. The plant material was then dried at 105 °C to constant weight
and reweighed to determine the dry weight of the biomass. On this basis, the biomass
growth of L. minor was assessed according to the type of medium used. The determination
of dry weight was carried out in accordance with the procedure described in PN-EN
12880:2004 [38], whilst the selection of wet and dry mass as biometric endpoints was in
accordance with the guidelines of OECD 221 [17].

2.4. Statistical Analysis

The results of the physicochemical analyses are presented as the mean + standard
deviation from three analytical replicates carried out for each measurement point. To
compare the temporal profiles of individual physicochemical parameters between the two
independent experimental series, two-way analysis of variance (ANOVA) was performed
separately for each medium variant. Experimental series and incubation time were treated
as fixed factors, with time considered a categorical variable corresponding to successive
measurement points. The series X time interaction was used to assess whether the temporal
profiles differed between the two experimental series. Residual normality was assessed
using the Shapiro-Wilk test, and homogeneity of variance was assessed using Levene’s
test. Statistical analyses were performed using TIBCO Statistica 14.1. Levene’s test did not
indicate unequal variances. Non-normal residuals were found for nitrate concentrations
in V3 and V4 and for conductivity in V2 and V3. ANOVA was retained because the
experimental design was balanced and the homogeneity of variance assumption was met.
Results for these four datasets were interpreted with caution. For orthophosphate in V1 and
V2, statistical analysis was not performed because concentrations remained below the limit
of quantification throughout the experiment. The results of the series x time interaction are
presented in the graphs as F and p values. A p value below 0.05 was considered statistically
significant. For all comparisons, the series x time interaction had 5 and 24 degrees of
freedom; therefore, only the F and p values for this interaction are shown in the graphs.

For each medium variant and each series of the experiment, the net change in the
analyzed parameter was also determined as the difference between the final and initial
value:

AX=Xu—X

where AX is the net change in the analysed parameter, Xy4 is the value measured on day 14
of incubation, and Xj is the value measured on day 1.
The relative change in fresh biomass was calculated in relation to the initial fresh

biomass of 10 g:
FMy4 — FMy

AFM =
M FM,

x 100%
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where AFM is the relative change in fresh biomass, FMj4 is the final fresh biomass after
14 days of incubation, and FM)j is the initial fresh biomass.
The dry matter share was calculated as:

DMshare = FM14 x 100%
where D Mgy, is the proportion of dry matter in the final fresh biomass, DMy, is the final
dry biomass, and FMjyy is the final fresh biomass. These indices were used to describe
and compare nutrient dynamics, ionic changes, acid-base stability, and biomass response
among medium variants.

3. Results

The data obtained showed that the response of L. minor varied depending on the type
of medium used. The most favorable growth conditions were observed in the synthetic
river water variants, particularly in V2. In the wastewater variants, reduced biomass
growth or biomass loss was accompanied by variable nitrate dynamics, persistently high
orthophosphate concentrations, and greater variability in physicochemical parameters. A
comparison of the two experimental series showed a consistent overall distinction between
the river and wastewater variants. However, the magnitude and temporal course of the
responses differed between the series, indicating limited quantitative reproducibility.

Variability in nitrate concentrations was observed, depending on the type of medium
used. In the river variants V1 and V2, N-NOj3 concentrations remained at a relatively low
level throughout the incubation period. In Series I, the final N-NO3 concentration was
1.0 mg/L in V1 and 1.1 mg/L in V2, whilst in Series II it was 1.7 mg/L and 0.63 mg/L,
respectively. A different pattern of changes was observed in the wastewater variants V3
and V4. In variant V3, the N-NOj concentration increased particularly sharply in the final
phase of incubation, reaching the highest values of all the systems analysed. In V4, the
trend was less clear-cut: in series I, the nitrate concentration remained at a low level, whilst
in series II it rose steadily during the second half of the experiment. Thus, no consistent net
decrease in nitrate concentration was observed in the wastewater variants. A comparison
of the N-NOj3 concentration curves revealed significant differences between Series 1 and
Series 2 in all medium variants. The results of the statistical analysis indicate that, despite
the use of the same medium composition and comparable process conditions, the dynamics
of changes in nitrate concentration were not fully reproducible between the series. These
differences were particularly pronounced in the wastewater variants V3 and V4, which
confirms the greater variability in these systems (Figure 2).

In the river variants V1 and V2, the concentration of orthophosphates remained
below the limit of quantification throughout the incubation period. In the wastewater
variants V3 and V4, P-PO, concentrations remained high and showed a slight increase
during incubation. In Series I, the values increased from 8.78 to 9.76 mg/L in V3 and
from 8.82 to 9.66 mg/L in V4. In series II, the corresponding values ranged from 9.45 to
10.55 mg/L and from 8.99 to 10.25 mg/L, respectively. These results do not confirm the
effective removal of phosphorus from wastewater media by L. minor in the system under
investigation. Furthermore, statistical analysis of the curves revealed no significant series x
time interaction either in V3: F(5, 24) = 0.545, p = 0.740, nor in V4: F(5, 24) = 0.263, p = 0.929
(Figure 3). This indicates that the trends in P-PO, concentration were statistically similar
between series 1 and series 2.
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Figure 2. Changes in nitrate concentration over the incubation period in the different medium

variants.
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Figure 3. Changes in orthophosphate concentrations during incubation in wastewater variants.
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Variant 1
200.0

160.0

120.0

Conductivity, uS/cm

80.0

40.0

Variant 3
1 000.0

800.0

600.0

Conductivity, uS/cm

400.0

200.0

The specific electrolytic conductivity clearly distinguished between the river and
wastewater variants. In the river systems V1 and V2, conductivity values were significantly
lower than in the wastewater variants and showed a stable or decreasing trend over the
incubation period. In V1, conductivity remained at the lowest level of all variants, whilst
in V2 it was higher, which corresponded to the greater mineral load of that medium. In
the wastewater variants V3 and V4, conductivity was several times higher than in the
river variants. In Series I, it increased from 424.1 to 718.3 uS/cm in V3 and from 413.4
to 807.2 uS/cm in V4. In Series II, the final values were lower than in Series I, but still
significantly exceeded the levels observed in synthetic river water. This trend indicates a
greater intensity of ionic changes in wastewater media.

A comparison of the conductivity curves revealed a significant series x time interaction
in all medium variants: V1: F(5,24) =3.337, p = 0.0199; V2: F(5, 24) =30.587, p = 1.15 X 109;
V3: F(5,24) = 31.797, p = 7.74 x 10719; and V4: F(5, 24) = 50.281, p = 6.13 x 10~'2. This
indicates that the pattern of conductivity changes between series 1 and series 2 was not fully
reproducible. The smallest differences were observed in V1, whilst the most pronounced
were in V4, indicating greater process variability in systems with a higher chemical load,
particularly in the wastewater variants (Figure 4).

Variant 2
200.0
F=3.340; p=0.020 | F=30.59;p<0.001 |
£ 160.0
£
[%5]
. . =
==variant 1 - series 1 =
=—variant 1 - series 2 ié 120.0
3
=
=
o
© 80.0 _ _
==\ariant 2 - series 1
===yariant 2 - series 2
40.0
4 7 10 12 14 1 a4 7 10 12 14
time, d time, d
Variant 4
1 000.0
F=31.80; p<0.001 F=50.28; p<0.001
e 800.0
£
[%5]
=4
z
B 600.0
=t
=
=
=
o
©  400.0 _ _
==yariant 3 - series 1 ===yariant 4 - series 1
===yariant 3 - series 2 ===yariant 4 - series 2
200.0
4 7 10 12 14 1 4 7 10 12 14
time, d time, d

Figure 4. Changes in electrical conductivity during incubation in individual medium variants.
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pH values varied over time depending on the medium variant and the experimental
series. In the river variants V1 and V2, the pH initially remained close to neutral, whilst
in the final phase of series 2, a decrease was observed to approximately 5.1 in V1 and 5.9
in V2, respectively. In the wastewater variants V3 and V4, the pH periodically rose to
values of around 8.1-8.2, particularly in series 1, indicating greater variability in acid-base
conditions in media with higher organic and mineral loads (Figure 5).

Variant 1 Variant 2
9.0 9.0
| F=7.52; p<0.001 | | F=5.89; p<0.001 |
8.0 8.0
7.0 Mﬁ\]_\l 70 W
T T
o [=
6.0 6.0
5.0 ==variant 1- series 1 5.0 ===yariant 2 - series 1
==variant 1 - series 2 ===yariant 2 - series 2
4.0 4.0
1 4 7 10 12 14 1 4 7 10 12 14
time, d time, d
Variant 3 Variant 4
9.0 9.0
8.0 8.0
7.0 7.0
T T T
(=9 (=9
6.0 F=8.89; p<0.001 6.0 F=22.63; p<0.001 !
5.0 =yariant 3 - series 1 5.0 ==variant 4 - series 1
===yariant 3 - series 2 ===\/ariant 4 - series 2
4.0 4.0
4 7 10 12 14 1 4 7 10 12 14
time, d time, d

Figure 5. Changes in pH during incubation in individual medium variants. Values in each panel
indicate the series x time interaction from two-way ANOVA.

A comparison of the pH curves revealed a significant series x time interaction in all
medium variants: V1: F(5, 24) = 7.517, p = 0.000228; V2: F(5, 24) = 5.891, p = 0.00109; V3:
F(5, 24) = 8.888, p = 0.0000698; and V4: F(5, 24) = 22.635, p = 2.29 x 10~%. This indicates
that the pH profile was not fully reproducible between series 1 and series 2. The greatest
difference in the trend was observed in V4, indicating particularly high variability in acid—
base conditions in the effluent variant with added caffeine. The available measurements do
not show how much plant activity, organic-matter transformations, or microbial activity
contributed to the observed pH changes.

The final biomass of L. minor clearly differed between the river and wastewater
variants. In variants V1 and V2, corresponding to synthetic river water, an increase in wet
weight relative to the initial value of 10 g was recorded in both series. In series I, the final
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wet weight was 11.9 g in V1 and 17.6 g in V2 (Figure 6), whilst in series II it reached 25.47 g
and 28.16 g, respectively (Figure 7). In both series, variant V2 favored a greater increase in
biomass than V1.

30.0

25.0

20.0
17.6

15.0

biomass, g

10.0

4.9
5.0 4.5

0.4

0.7 0.26 0.34

0.0
variant 1 - series 1 variant 2 - series 1 variant 3 - series 1 variant 4 - series 1

M Fresh biomass  ® Dry matter

Figure 6. Final fresh and dry biomass of L. minor in the tested medium variants in experimental
series L.

30.0
28.16

25.47
25.0

20.0

15.0 13.56

Biomass, g

10.0 8.72

5.0

1.07 1.02 0.541 0.49

variant 1 - series 2 variant 2 - series 2 variant 3 - series 2 variant 4 - series 2

B Fresh biomass B Dry matter

Figure 7. Final fresh and dry biomass of L. minor in the tested medium variants in experimental
series II.

In the wastewater variants V3 and V4, the biomass response was markedly weaker
and less stable. In Series I, the final wet weight decreased to 4.5 g in V3 and 4.9 g in V4
(Figure 6). In Series 11, the final wet weight was 8.72 g in V3, whilst in V4 an increase to
13.56 g was recorded (Figure 7). Despite this improvement, the values obtained in the
wastewater variants remained lower than those in the river variants.
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Interpretation of the biometric results requires consideration of both wet and dry
weight. In Series II, variant V2 achieved the highest wet weight, although its dry weight
was slightly lower than in V1. A similar relationship was observed in the wastewater
variants: in V4 of Series II, the wet weight was higher than in V3, whilst the dry weight
remained lower. This indicates that an increase in wet weight did not always correspond
to a proportional increase in dry biomass. Detailed changes in relative biomass and the
proportion of dry weight are summarized in Table 2.

Table 2. Process indicators for the L. minor-medium system.

AN-NO3; AP-POy4 Aconductivity

Fresh Biomass Dry Matter

Series  Variants [mg/L] [mg/L] [uS/cm] ApH Ch(e)mge Sl}]are

[%] [%]

V1 +0.14 <LOQ —5.50 0.00 +19.0 3.36

V2 +0.02 <LOQ +11.13 +0.50 +76.0 3.98

I V3 +43.90 +0.97 +294.20 +0.20 —55.0 5.78
V4 +1.56 +1.46 +393.80 +1.00 ~51.0 6.94

V1 —0.39 <LOQ —2527 —1.60 +154.7 420

V2 —0.93 <LOQ —41.03 ~0.70 +181.6 3.64

I V3 +24.24 +1.10 ~2250 ~0.90 —128 6.21
V4 +13.47 +1.26 —4.00 —0.60 +35.6 3.61

A comprehensive analysis of the process parameters confirmed clear differences
between the river and wastewater variants (Table 2). In variants V1 and V2, the net changes
in nitrate concentrations were negligible or negative, whilst P-PO4 concentrations remained
below the limit of quantification. This was accompanied by a positive increase in wet
weight in all series. In the wastewater variants V3 and V4, however, positive values of AN-
NOj and AP-PO, were observed, along with a weaker and less stable biometric response,
particularly in series I. The comparison of the indicators therefore confirms the different
behavior of the L. minor-medium system in river and effluent media.

In both series of experiments, visual observations were consistent with the physico-
chemical and biometric results. In the river variants, the plants retained a compact canopy
structure, normal green coloration, and uniform coverage of the medium surface, with the
most favorable morphological profile observed in variant V2. Variant V1 also favored the
maintenance of good condition in L. minor, although the degree of surface coverage and
biomass density were slightly lower than in V2. A different picture was obtained in the
wastewater variants. In V3 and V4, a loosening of the mat structure, poorer distribution of
biomass across the surface, and more pronounced signs of deterioration in plant condition
were observed (Figure 8).

Differences between the variants were also evident within the root system. In the river
variants, the roots were longer, more evenly developed, and formed a more organized zone
beneath the biomass surface. In the wastewater variants, the root zone was less uniform,
and in places shorter roots and a reduction in the compactness of the plant system were
observed (Figure 9).

In the wastewater variants, a whitish slime was also observed in the surface and root
zones, along with signs of stunting and plant weakness. These phenomena occurred along-
side cloudiness of the medium, increased conductivity, and persistently high phosphate
concentrations. These qualitative observations therefore support the conclusion that the
wastewater variants provided less favorable conditions for L. minor than the river variants
(Figure 10).
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Figure 9. Root system morphology of L. minor in the tested medium variants on the 14th day of

incubation.
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Figure 10. Typical symptoms observed in synthetic wastewater variants include the development of
a whitish slime/biofilm in the surface and root zones, as well as a deterioration in the condition of L.
Minot.

Microscopic examination of the white growth revealed the presence of an irregular
layer adhering to the surface of the tissues/roots of L. minor, composed of fine particulate
and cellular structures, suggesting the development of a biofilm or the accumulation of
organic-mineral matter involving microorganisms (Figure 11).

0.2 1/um

Figure 11. Microscopic image of the white growth observed on the surface of the roots/tissues of L.
minor in variant 3 and variant 4.

Microscopic observations of the bottom sediment revealed the presence of irregular
organic-mineral aggregates and associated biological structures (Figure 12). In variants
V2-V4, the presence of elongated and elliptical diatom-like structures was particularly
pronounced, indicating that the sediment contained not only detrital material but also a
significant biological component.
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Figure 12. Microscopic image of the bottom sediment in the different medium variants.

4. Discussion

The results obtained indicate that the response of the L. minor-medium system was
determined by the overall nature of the matrix used, rather than solely by the availability
of nitrogen and phosphorus compounds. The key interpretative distinction lay between
the synthetic river water variants (V1 and V2) and the synthetic wastewater variants (V3
and V4). The river variants provided conditions favorable for biomass growth and the
maintenance of good plant health, whilst the wastewater variants were associated with
restricted growth, a deterioration in the condition of L. minor and greater physicochemical
instability of the medium. This is consistent with reports indicating that the effectiveness
of duckweeds depends not only on the presence of nutrients, but also on the organic and
ionic load, biomass density and the stability of the entire system [7,24,25].

A key element of the study was the use of the authors’ proprietary synthetic river
media V1 and V2. In contrast to the wastewater variants, which were prepared based on
the standard concept of synthetic wastewater, the river media were designed to simulate
two levels of anthropogenic enrichment of the aquatic environment. This approach should
be considered valid, as synthetic media allow for the reduction in the variability typical
of environmental samples and the design of controlled exposure scenarios, a method also
utilized in other studies involving L. minor and model matrices [23,24].

Variant V2 was of particular significance from an interpretative perspective. The
higher mineral and biogenic load compared with variant V1 did not inhibit growth; on the
contrary, it promoted greater biomass accumulation. This indicates that, within the chemical
composition range under consideration, the enrichment of the river environment had a
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stimulating rather than a stressful effect. This result confirms that L. minor can effectively
utilize moderately enriched environments, provided that there is no simultaneous overload
of the system with organic matter, intensified secondary transformations or destabilization
of physicochemical conditions [23,24].

A different response pattern was observed in the wastewater variants. In V3, nitrate
concentrations increased, whereas in V4 the nitrate trajectories differed between the two
experimental series. Orthophosphate concentrations remained high in both wastewater
variants. These observations show that no consistent net decrease in the measured nu-
trient forms occurred under the tested conditions. The wastewater variants were also
characterized by higher conductivity, greater pH variability, and a weaker and less stable
biomass response than the river variants. This indicates that nutrient availability alone
was not sufficient to ensure favorable conditions for plant growth. Such an interpretation
is consistent with previous studies showing that duckweed performance in wastewater
systems depends not only on nutrient availability, but also on matrix composition, pollutant
load, and overall process conditions [7,25,28]. Several processes may have contributed,
including plant uptake, nutrient release, nitrification, organic-matter mineralization, and
microbial activity. However, these processes could not be identified because dissolved
oxygen, nitrite, time-resolved ammonium nitrogen, and organic-matter indicators were not
monitored.

Research [39] has shown that L. minor does not grow properly in high-nutrient agricul-
tural effluent under unfavorable chemical conditions of the medium, whilst appropriate
pH adjustment can restore its ability to grow and uptake nutrients. This implies that a high
concentration of nutrients does not necessarily equate to the medium’s high suitability for
phytoremediation. In this context, the results obtained in this study for variants V3 and V4
should be interpreted as an indication that the range of conditions favorable to the growth
of L. minor has been exceeded.

The river variants were characterized by lower conductivity and less variability in
physicochemical parameters, whereas in the wastewater variants, conductivity was many
times higher and the pH showed greater fluctuations. Increased turbidity, whitish slime on
the roots, and deterioration in plant condition were also observed. These changes could
not be linked to a specific biological or chemical process and are treated only as signs of
lower stability in the wastewater variants.

Variant V4 deserves a separate comment; it is treated as synthetic wastewater enriched
with a municipal pressure marker, rather than as a simple caffeine toxicity test. Caffeine
is often used as an indicator of domestic effluent inflow into surface waters [8,40], but in
this experiment its effect was not clear-cut. In Series I, variant V4 was associated with
an adverse response of the biomass similar to that of V3, whereas in Series II it enabled
a partial increase in wet weight. This does not support the interpretation of caffeine as a
simple, independent toxic factor with a constant effect. It is more reasonable to treat it as
a marker of municipal pressure and a factor modifying the response of the entire sewage
matrix, depending on the course of physicochemical and microbiological processes within
the system. This is consistent with research on micropollutants, in which the biological
effect depends on the concentration of the compound, the duration of exposure, and the
co-present components of the medium [6,14,32].

Although the same protocol was used, several responses differed in magnitude and
temporal course between the two experimental runs. The source of these differences could
not be identified. However, both runs showed the same general distinction between the
river and wastewater variants. Individual response values should therefore be interpreted
with caution.
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Interpretation of nutrient changes was limited by the lack of time-resolved measure-
ments of ammonium nitrogen, nitrite, dissolved oxygen, and organic-matter indicators.
Complete nitrogen and phosphorus balances and microbiological analyses were also not
available. Therefore, the study describes changes in the measured parameters but does not
identify the processes responsible for them.

The results as a whole confirm the usefulness of synthetic media for modelling anthro-
pogenic pressure gradients. In practical terms, the results suggest that L. minor may be more
useful in systems with moderate loading or in pre-stabilized effluent than in raw matrices
characterized by high rates of chemical and microbiological change. This conclusion is
consistent with applied studies in which the effectiveness of duckweed depended heavily
on the type of waste stream and the operating conditions of the system, rather than solely
on the presence of nutrients [25,41]. The synthetic media used, particularly the proprietary
river variants V1 and V2, made it possible to capture the transition from growth-promoting
conditions to stressful conditions.

5. Conclusions

1.  The response of the L. minor-medium system was clearly dependent on the type of
medium used. The most favorable growth conditions were observed in the synthetic
river water variants, whilst the wastewater variants limited biomass growth or led to
a decline in biomass.

2. The authors’ proprietary synthetic river water media V1 and V2 made it possible
to distinguish between lower and higher levels of medium enrichment. Variant V2
favored greater biomass growth than V1, indicating that, within the range studied,
the increased mineral and biogenic load did not exceed the threshold inhibiting the
growth of L. minor.

3. In V3, nitrate concentrations increased, whereas in V4 their temporal pattern differed
between the two experimental series. Orthophosphate concentrations remained high
in both wastewater variants. Therefore, no consistent decrease in the measured
nutrient forms was observed, and the processes responsible could not be identified
from the available measurements.

4.  The wastewater variants were characterized by greater variability in physicochemical
parameters, higher conductivity, greater pH variability, and a deterioration in the
morphological condition of the plants. The biomass response was therefore related
to the overall state of the plant-medium system, and not solely to the availability of
nutrients.

5. The response in V4 differed from that in V3, but the study did not include a caffeine-
only medium. Therefore, the observed differences cannot be attributed solely to
caffeine or separated from the response of the wastewater matrix.

6.  Both experimental runs showed the same general distinction between the river and
wastewater variants, but individual responses differed in magnitude and temporal
course. These differences should be interpreted with caution.

7. The synthetic media provided a controlled system for comparing the response of L.
minor along the tested gradient of anthropogenic pressure.

8. Under the tested conditions, L. minor performed better in the river-water variants
than in the wastewater variants. This suggests that lower matrix loading and greater
physicochemical stability may favor plant growth, but this should be verified using
real wastewater and pre-stabilized effluents.
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Abbreviations

The following abbreviations are used in this manuscript:

AR Analytical Reagent Grade

BOD  Biochemical Oxygen Demand

COD  Chemical Oxygen Demand

FA Fulvic Acid

HA Humic Acids

LOQ Limit of Quantification

TN Total Nitrogen

TP Total Phosphorus

TOC  Total Organic Carbon

Vi Synthetic river water with a lower load
V2 Synthetic river water with a higher load
V3 Synthetic wastewater

V4 Synthetic wastewater with added caffeine as an indicator of municipal pressure

References

1. Smith, V.H. Eutrophication of freshwater and coastal marine ecosystems: A global problem. Environ. Sci. Pollut. Res. 2003, 10,
126-139. [CrossRef] [PubMed]

2. Withers, PJ.A; Neal, C.; Jarvie, H.P.; Doody, D.G. Agriculture and eutrophication: Where do we go from here? Sustainability 2014,
6, 5853-5875. [CrossRef]

3. Zhang, W.; Lou, L; Ung, W.K_; Kong, Y.; Mok, K.M. The impact of cyanobacteria blooms on the aquatic environment and human
health. Toxins 2022, 14, 658. [CrossRef] [PubMed]

4. Kumar, R.; Qureshi, M.; Vishwakarma, D.K.; Al-Ansari, N.; Kuriqi, A.; Elbeltagi, A.; Saraswat, A. A review on emerging water
contaminants and the application of sustainable removal technologies. Case Stud. Chem. Environ. Eng. 2022, 6, 100219. [CrossRef]

5. Rivera-Utrilla, J.; Sanchez-Polo, M.; Ferro-Garcia, M.A.; Prados-Joya, G.; Ocampo-Pérez, R. Pharmaceuticals as emerging
contaminants and their removal from water. A review. Chemosphere 2013, 93, 1268-1287. [CrossRef] [PubMed]

6. Markovi¢, M.; Neale, P.A.; Nidumolu, B.; Kumar, A. Combined toxicity of therapeutic pharmaceuticals to duckweed, L. minor.
Ecotoxicol. Environ. Saf. 2020, 208, 111428. [CrossRef] [PubMed]

7. Zhou, Y,; Stepanenko, A.; Kishchenko, O.; Xu, J.; Borisjuk, N. Duckweeds for phytoremediation of polluted water. Plants 2023, 12,
589. [CrossRef] [PubMed]

8. Buerge, L1; Poiger, T.; Miiller, M.D.; Buser, H.-R. Caffeine, an anthropogenic marker for wastewater contamination of surface
waters. Environ. Sci. Technol. 2003, 37, 691-700. [CrossRef] [PubMed]

9.  Buerge, LL; Poiger, T.; Miiller, M.D.; Buser, H.-R. Combined sewer overflows to surface waters detected by the anthropogenic
marker caffeine. Environ. Sci. Technol. 2006, 40, 4096—4102. [CrossRef] [PubMed]

10. Jagoda, A,; Zukowski, W.; Dabrowska, B. Investigations of the presence of caffeine in the Rudawa River, Krakéw, Poland. Environ.
Monit. Assess. 2015, 187, 566. [CrossRef] [PubMed]

11. Lim, EY,; Ong, S.L.; Hu, J.Y. Recent advances in the use of chemical markers for tracing wastewater contamination in aquatic
environment: A review. Water 2017, 9, 143. [CrossRef]

12. Quyen, D.T.T,; Masahiro, O.; Otaki, Y.; Chaminda, T. Sewage Markers as Determinants to Differentiate Origins of Emerging
Organic Pollutants in an Urban Sri Lankan Water Drainage Network. Water 2021, 13, 2898. [CrossRef]

13.  Serville-Tertullien, M.; McDermott, K.; Majury, A.; Liang, T.; Sultana, T.; Metcalfe, C.D. Sucralose and caffeine as chemical

indicators of domestic wastewater contamination in the Laurentian Great Lakes Basin. Environ. Monit. Assess. 2024, 196, 1085.
[CrossRef] [PubMed]

https://doi.org/10.3390/mal9153178


https://doi.org/10.1065/espr2002.12.142
https://www.ncbi.nlm.nih.gov/pubmed/12729046
https://doi.org/10.3390/su6095853
https://doi.org/10.3390/toxins14100658
https://www.ncbi.nlm.nih.gov/pubmed/36287927
https://doi.org/10.1016/j.cscee.2022.100219
https://doi.org/10.1016/j.chemosphere.2013.07.059
https://www.ncbi.nlm.nih.gov/pubmed/24025536
https://doi.org/10.1016/j.ecoenv.2020.111428
https://www.ncbi.nlm.nih.gov/pubmed/33068976
https://doi.org/10.3390/plants12030589
https://www.ncbi.nlm.nih.gov/pubmed/36771672
https://doi.org/10.1021/es020125z
https://www.ncbi.nlm.nih.gov/pubmed/12636266
https://doi.org/10.1021/es052553l
https://www.ncbi.nlm.nih.gov/pubmed/16856722
https://doi.org/10.1007/s10661-015-4760-7
https://www.ncbi.nlm.nih.gov/pubmed/26264791
https://doi.org/10.3390/w9020143
https://doi.org/10.3390/w13202898
https://doi.org/10.1007/s10661-024-13252-3
https://www.ncbi.nlm.nih.gov/pubmed/39433638
https://doi.org/10.3390/ma19153178

Materials 2026, 19, 3178 19 of 20

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Sikorski, L.; Bes, A.; Warmiriski, K. The effect of quinolones on common duckweed L. minor L., a hydrophyte bioindicator of
environmental pollution. Int. J. Environ. Res. Public Health 2023, 20, 5089. [CrossRef] [PubMed]

Zezulka, 5.; Kummerova, M.; émeringai, J.; Babula, P; T¥iska, J. Ambiguous changes in photosynthetic parameters of L. minor L.
after short-term exposure to naproxen and paracetamol: Can the risk be ignored? Aquat. Toxicol. 2023, 259, 106537. [CrossRef]
[PubMed]

Noori, A.N.; Corbelli, L.C.; Lincoln, E.L.; Thomas, S.T.; Jones, J.; Nason, S.L.; White, ].C.; Lewis, R.L.; Haynes, C.L. Phytotoxicity
and phytoremediation potential of L. minor exposed to perfluorooctanoic acid. Front. Plant Sci. 2025, 15, 1493896. [CrossRef]
[PubMed]

Organisation for Economic Co-operation and Development (OECD). Test No. 221: Lemna sp. Growth Inhibition Test; OECD
Publishing: Paris, France, 2006. [CrossRef]

Ziegler, P. Developments in toxicity testing with duckweeds. J. Xenobiot. 2025, 15, 48. [CrossRef] [PubMed]

Ekperusi, A.O,; Sikoki, ED.; Nwachukwu, E.O. Application of common duckweed (L. minor) in phytoremediation of chemicals in
the environment: State and future perspective. Chemosphere 2019, 223, 285-309. [CrossRef] [PubMed]

Vulpe, C.-B.; Toplicean, I.-M.; Agachi, B.-V.; Datcu, A.-D. A review on uses of L. minor, a beneficial plant for sustainable water
treatments, in relation to bioeconomy aspects. Water 2025, 17, 1400. [CrossRef]

Yang, J.; Zhao, X.; Wang, X.; Xia, M.; Ba, S.; Lim, B.L.; Hou, H. Biomonitoring of heavy metals and their phytoremediation by
duckweeds: Advances and prospects. Environ. Res. 2024, 245, 118015. [CrossRef] [PubMed]

Bonomo, L.; Pastorelli, G.; Zambon, N. Advantages and limitations of duckweed-based wastewater treatment systems. Water Sci.
Technol. 1997, 35, 239-246. [CrossRef]

Paolacci, S.; Stejskal, V.; Jansen, M.A K. Estimation of the potential of L. minor for effluent remediation in integrated multi-trophic
aquaculture using newly developed synthetic aquaculture wastewater. Aquac. Int. 2021, 29, 2101-2118. [CrossRef]

Walsh, E.; Coughlan, N.E.; O'Brien, S.; Jansen, M.A.K.; Kuehnhold, H. Density dependence influences the efficacy of wastewater
remediation by L. minor. Plants 2021, 10, 1366. [CrossRef] [PubMed]

Coughlan, N.E.; Walsh, E.].; Bolger, P,; Burnell, G.; O'Leary, N.; O'Mahoney, M.; Paolacci, S.; Wall, D.; Jansen, M.A K. Duckweed
bioreactors: Challenges and opportunities for enhanced phytoremediation. J. Clean. Prod. 2022, 336, 130285. [CrossRef]

Sahi, W.; Megateli, S. Evaluation of L. minor phytoremediation performance for the treatment of dairy wastewater. Water Pract.
Technol. 2023, 18, 1138-1147. [CrossRef]

Redmond, C.; Coughlan, N.E.; Purcell, A.; Jansen, M.A K. Optimisation of dairy soiled water as a novel duckweed growth
medium. Plants 2025, 14, 110. [CrossRef] [PubMed]

Igbal, J.; Javed, A.; Baig, M.A. Growth and nutrient removal efficiency of duckweed (L. minor) from synthetic and dumpsite
leachate under artificial and natural conditions. PLoS ONE 2019, 14, e0221755. [CrossRef] [PubMed]

Paolacci, S.; Stejskal, V.; Toner, D.; Jansen, M.A.K. Wastewater valorisation in an integrated multi-trophic aquaculture system;
assessing nutrient removal and biomass production by duckweed species. Environ. Pollut. 2022, 306, 119059. [CrossRef] [PubMed]
Heitzman, B.S.; Bueno, G.W.; Camargo, T.R.; Proenca, D.C.; Yaekashi, C.T.O.; da Silva, RM.G.; Machado, L.P. Duckweed
application in nature-based system for water phytoremediation and high-value coproducts at family agrisystem from a circular
economy perspective. Sci. Total Environ. 2024, 919, 170714. [CrossRef] [PubMed]

Liu, Y;; Su, B.; Mu, H.; Zhang, Y.; Chen, L.; Wu, B. Effects of point and nonpoint source pollution on urban rivers: From the
perspective of pollutant composition and toxicity. J. Hazard. Mater. 2023, 460, 132441. [CrossRef] [PubMed]

Maldonado, I.; Moreno Terrazas, E.G.; Zirena Vilca, F. Application of duckweed (Lemna sp.) and water fern (Azolla sp.) in the
removal of pharmaceutical residues in water: State of art focus on antibiotics. Sci. Total Environ. 2022, 838, 156565. [CrossRef]
[PubMed]

PN-72/C-04550; Determination of the Biochemical Oxidation Efficiency of Anionic and Nonionic Synthetic Surfactants Using the
Activated Sludge Method Under Kinetic Conditions. Polski Komitet Normalizacyjny (PKN): Warszawa, Polska, 1972.
Organisation for Economic Co-operation and Development. Test No. 303: Simulation Test—Aerobic Sewage Treatment—A: Activated
Sludge Units; B: Biofilms; OECD Guidelines for the Testing of Chemicals, Section 3; OECD Publishing: Paris, France, 2001.
[CrossRef]

European Commission. Commission Regulation (EU) No. 260/2014 of 24 January 2014 amending, for the purpose of its
adaptation to technical progress, Regulation (EC) No. 440/2008 laying down test methods pursuant to Regulation (EC) No.
1907/2006 concerning REACH; Test Method C.10: Simulation Test—Aerobic Sewage Treatment. Off. |. Eur. Union 2014, L81,
1-253.

PN-EN 1484:1999; Water Quality—Guidelines for the Determination of Total Organic Carbon (TOC) and Dissolved Organic
Carbon (DOC). Polish Committee for Standardization (PKN): Warsaw, Poland, 1999.

Hermanowicz, W.; Dojlido, J.; Dozaniska, W.; Koziorowski, B.; Zerbe, J. Fizyczno-Chemiczne Badanie Wody i Sciekéw, 2nd ed.;
Wydawnictwo Arkady: Warsaw, Poland, 1999. (In Polish)

https://doi.org/10.3390/mal9153178


https://doi.org/10.3390/ijerph20065089
https://www.ncbi.nlm.nih.gov/pubmed/36981998
https://doi.org/10.1016/j.aquatox.2023.106537
https://www.ncbi.nlm.nih.gov/pubmed/37060818
https://doi.org/10.3389/fpls.2024.1493896
https://www.ncbi.nlm.nih.gov/pubmed/39931343
https://doi.org/10.1787/9789264016194-en
https://doi.org/10.3390/jox15020048
https://www.ncbi.nlm.nih.gov/pubmed/40278153
https://doi.org/10.1016/j.chemosphere.2019.02.025
https://www.ncbi.nlm.nih.gov/pubmed/30784736
https://doi.org/10.3390/w17091400
https://doi.org/10.1016/j.envres.2023.118015
https://www.ncbi.nlm.nih.gov/pubmed/38141920
https://doi.org/10.2166/wst.1997.0207
https://doi.org/10.1007/s10499-021-00736-z
https://doi.org/10.3390/plants10071366
https://www.ncbi.nlm.nih.gov/pubmed/34371569
https://doi.org/10.1016/j.jclepro.2021.130285
https://doi.org/10.2166/wpt.2023.074
https://doi.org/10.3390/plants14010110
https://www.ncbi.nlm.nih.gov/pubmed/39795370
https://doi.org/10.1371/journal.pone.0221755
https://www.ncbi.nlm.nih.gov/pubmed/31454381
https://doi.org/10.1016/j.envpol.2022.119059
https://www.ncbi.nlm.nih.gov/pubmed/35227845
https://doi.org/10.1016/j.scitotenv.2024.170714
https://www.ncbi.nlm.nih.gov/pubmed/38331276
https://doi.org/10.1016/j.jhazmat.2023.132441
https://www.ncbi.nlm.nih.gov/pubmed/37703739
https://doi.org/10.1016/j.scitotenv.2022.156565
https://www.ncbi.nlm.nih.gov/pubmed/35690203
https://doi.org/10.1787/9789264070424-en
https://doi.org/10.3390/ma19153178

Materials 2026, 19, 3178 20 of 20

38. PN-EN 12880:2004; Charakterystyka Osad6w Sciekowych—Oznaczanie Suchej Pozostatosci i Zawartosci Wody. PKN: Warszawa,
Polska, 2004.

39. Jones, G.; Scullion, J.; Dalesman, S.; Robson, P.; Gwynn-Jones, D. Lowering pH enables duckweed (L. minor L.) growth on toxic
concentrations of high-nutrient agricultural wastewater. J. Clean. Prod. 2023, 395, 136392. [CrossRef]

40. Kaurissery, S.; Kanavillil, N.; Verenitch, S.; Mazumder, A. Caffeine as an anthropogenic marker of domestic waste: A study from
Lake Simcoe watershed. Ecol. Indic. 2012, 23, 501-508. [CrossRef]

41. Devlamynck, R.; de Souza, M.E; Michels, E.; Sigurnjak, I.; Donoso Pantoja, N.C.; Coudron, C.; Leenknegt, J.; Vermeir, P.; Eeckhout,
M.; Meers, E. Agronomic and environmental performance of L. minor cultivated on agricultural wastewater streams: A practical
approach. Sustainability 2021, 13, 1570. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/mal9153178


https://doi.org/10.1016/j.jclepro.2023.136392
https://doi.org/10.1016/j.ecolind.2012.05.001
https://doi.org/10.3390/su13031570
https://doi.org/10.3390/ma19153178

	Introduction 
	Materials and Methods 
	Experimental Set-Up and Incubation Conditions 
	Preparation of Media and Plant Incubation 
	Experimental Methodology 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

