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Abstract: In bioretention ponds proposed to manage urban runoff, floating elements with anchored
macrophytes plants improve nutrient and pollutants removal and provide aesthetic benefits. To prompt
the establishment and initial growth of plants in floating elements with substrate, the application of
Osmocote (a controlled-release fertilizer) in tablet form was proposed. In a confined environment,
eight treatments were compared, combining two substrates (peat and zeolite at a ratio of 1:1 or 2:1
v/v), two levels of fertilization (without or with addition of Osmocote plus tablets; 5 g plant−1),
and the presence or absence of Mentha aquatica L. plants. For about 16 weeks, the amount and quality
of water, along with plant growth and nutrient content, were monitored. The results showed better
plant growth when Osmocote was supplied, with no effect of the substrate. The presence of the plant
produced the almost total uptake of the nutrients contained in the tap water and released by the
fertilizer. This indicates that the use of a controlled release fertilizer can improve plant growth without
compromising water quality, hence being a valuable solution to promote plant establishment usable
as routine practice when a bioretention basin is vegetated with floating elements with substrate.
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1. Introduction

Stormwater retention ponds are widely used in the best management practices in North America,
Australia, and Europe to sustainably manage stormwater runoff [1–6]. They are part of the Natural
Water Retention Measures (NWRM), which were recently launched by the European Commission
to protect and manage water resources using natural means and processes, particularly reducing
their vulnerability to the negative effects of floods and droughts [7–9]. Bioretention ponds can also
be defined as blue-green infrastructures [10], and are able, at the same time, to control stormwater
runoff, thus reducing flooding and erosion, and improve water quality [11]. The first aspect involves
the reduction of stormwater peak flows and total volumes and is mainly related to appropriate
planning and sizing [4], whereas the second refers to the abatement of nutrients and pollutants that
are directly linked to the presence of plant, the development of microbial population on the root
systems surface, and other chemical-physical processes (e.g., sedimentation, filtration, volatilization,
photo-oxidation) [1,12–18].

As a consequence of the need to have a high water storage capacity, bioretention basins often have
a high depth that does not allow the adequate development of rooted macrophytes. The results are
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that bioretention ponds often fail to improve water quality [19–21]. A possible solution consists in the
implementation of this technology with naturally or artificially occurring floating vegetation, which
is a suitable and affordable means to improve stormwater treatment efficiency [19,22]. Particularly,
basins with artificially floating vegetation are a hybridization of ponds and wetlands that utilize
rooted, emergent macrophytes growing on a mat or raft floating on the surface of the water rather
than rooted in the sediments. This solution offers potential advantages [23] because plants can tolerate
the widely fluctuating water depths typical of stormwater systems and their root system provide
oxygen [24] and a large surface area for microbial populations attachment [25], which are among the
most important actors during the wastewater treatment process. In addition, the floating elements
may or may not include a planting medium that provides better plant support and can possibly also
act as a contaminant sorptive substrate [26–30].

However, due to its batch working, the function of retention ponds (stormwater runoff regulation
and treatment) may negatively compromise floating vegetation establishment and development as
consequence of low nutrient availability, especially at the end of a dry period that reduces the presence
of water or at the end of a heavy rain period that produce water dilution. In turn, this has negative
effects on treatment performances. It has to be mentioned that retention ponds are also meant to
provide recreation areas and aesthetic amenities [20,31], hence, poor plant growth is undesirable also
from this perspective.

The aim of this study was, first, to evaluate the effect of a controlled-release fertilizer used to
promote the first establishment of Mentha aquatica L. and water quality in substrate-provided floating
elements intended for bioretention ponds. Second, the suitability of substrates containing different
rates of zeolite to retain nutrients and reduce their concentration in water was also evaluated, as this
substrate is known for its high cation exchange capacity.

2. Materials and Methods

2.1. Setup of the Experiment

The study was conducted in a glass greenhouse at the “L. Toniolo” experimental farm of Padova
University at Legnaro, Northeast Italy (45◦20′ N; 11◦57′ E). The greenhouse has an area of 230 m2 and
is 6-m high at the ridge and 4-m high at the gutters. From February 7 o May 2, 2018, plants were grown
under natural photoperiod conditions. The roof and sidewall vents were set for opening and closing at
25 ◦C and 22 ◦C, respectively, and the heating system set at 20 ◦C.

The experimental treatments considered two substrates and two fertilization treatments, both with
and without plants. The substrates were formulated mixing sphagnum white peat with zeolite in two
ratios (1:1 and 2:1 by volume). Peat was obtained from UAB Presto Durpes (Vilnius, Lithuania) and is
characterized by a declared particle size of 0–40 mm and degree of humification of H2–H4. Zeolite was
provided by Europomice (Milan, Italy) and is characterized by a declared particle size of 0–3 mm and a
cation exchange capacity of 170 meq g−1. In Table 1, the selected physical and chemical characteristics
of the raw materials and of the two formulated substrates are reported.

The fertilizer used in this study was Osmocote Plus Tablet (12–24–6+ TE, 8–9 M, Scotts International
B.V., Harderwijk, The Netherlands), a controlled-release fertilizer intended for aquatic plants with 1/3
of nitrogen (N) as nitrate-N and 2/3 as ammonium-N. The fertilizer was in tablet form, each with a
weight of about 5 g. Fertilization treatment consisted in the application or not of one tablet per pot
(hence supplying 600 mg, 524 mg, and 250 mg NPK per container).

Two-node cuttings of M. aquatica were rooted in perlite (Europomice, Milan, Italy). The cuttings
were watered daily with a standard nutrient solution (approximately 150 mL per cutting), which was
prepared by dissolving 1 g L−1 of a water soluble fertilizer (Flory 3 15–10–15, Euflor, Munich, Germany).
After three weeks, 24 square net pots (11 cm × 11 cm, 11 cm height), lined with agricultural fleece, were
filled with 900 mL of substrate (12 for each substrate). Rooted cuttings were selected for uniformity
and transplanted (three per container) in half container of each substrate. At this moment, plants had a
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fresh weight of 7.13 ± 1.43 g and a dry weight of 0.70 ± 0.15 g. Plants were then allowed to establish for
14 days before initiation of the experiment. During this period, all containers were watered through
subirrigation using individual saucers. Twenty-four black plastic crate boxes (62.5 cm × 37 cm, 26 cm
height, 46 L volume) were filled with 35 L of tap water. The chemical characteristics of the water are
reported in Table 2.

Table 1. Physical-chemical characteristics of the raw materials and of the two substrates used in the
experiment. The total amounts (mg tank−1) are reported in brackets.

Parameter Peat (P) Zeolite (Z) P2:Z1 P1:Z1 Method

Bulk Density (g cm−3) * 126 1052 425 583 EN 13040
pH 4.3 7.7 4.8 5.1 EN 13037

EC (µS cm−1) * 50 91 53 63 EN 13038
Total–N (%) 1.01 0.01 0.18 (689) 0.08 (420) Kjeldahl

ICP-OES:

P (%�) 0.266 0.914 0.604 (231) 0.705 (370) Zancan et al. [32]
K (%) 0.044 3.328 1.328 (5080) 2.328 (12215) Zancan et al. [32]
Ca (%) 0.982 1.920 1.699 (6499) 1.874 (9833) Zancan et al. [32]
Mg (%) 1.027 6.225 3.540 (13541) 4.628 (24283) Zancan et al. [32]

Ion Chromatography:

Nitrate-N (mg L−1) 3.656 2.593 3.254 (14.6) 2.967 (13.4) EN 13652
Ammonium-N (mg L−1) 3.240 0.382 0.894 (4.0) 0.623 (2.8) EN 13652

Phosphate-P (mg L−1) 1.606 0.188 0.734 (3.3) 0.419 (1.9) EN 13652
K+ (mg L−1) 2.892 13.699 7.685 (34.6) 7.898 (35.5) EN 13652

Ca2+ (mg L−1) 16.989 8.376 15.482 (69.7) 13.887 (62.5) EN 13652
Mg2+ (mg L−1) 3.877 1.242 3.040 (13.7) 2.289 (10.3) EN 13652

* = on dry basis; P2:Z1 = perlite and zeolite at a ratio 2:1 by volume; P1:Z1 = perlite and zeolite at a ratio 1:1
by volume; EC = electrical conductivity; ICP-OES = inductively coupled plasma optical emission spectrometry;
EN = European Standard methodology.

Table 2. Ionic composition, pH, and electrical conductivity of the tap water used in the experiment.

Parameters Value ± S.D.

pH 6.58 ± 0.6
Electrical conductivity (µS cm−1) 586 ± 28

Nitrate-NO3
− (mg L−1) 18.15 ± 1.11

PO4
3− (mg L−1) traces

SO4
2− (mg L−1) 22.57 ± 1.98

Cl− (mg L−1) 9.07 ± 0.62
HCO3

− (mg L−1) 293 ± 14
NH4

+ (mg L−1) 0.14 ± 0.04
K+ (mg L−1) 0.78 ± 0.09

Ca2+ (mg L−1) 36.40 ± 7.63
Mg2+ (mg L−1) 23.99 ± 1.29
Na+ (mg L−1) 4.33 ± 0.21

S.D. = Standard deviation.

A polystyrene panel (similar surface of the crate boxes and 3-cm height) was laid on the water
surface, and one container (with or without plant according with the treatment) was plugged in a hole
created in each panel, letting the bottom 7 cm of the container submerge in water (Figure 1). At last,
in half of the containers with plants and in half of the container without plants, an Osmocote tablet
was plugged close to the plant, just underneath the substrate surface. Three supplemental crate boxes,
filled with water and only covered with a polystyrene panel, were also included in the experiment as
an absolute control.
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Figure 1. Photograph of the experimental site showing the plastic crate boxes filled with the 
polystyrene panels floating on the water and bearing the net pots containing the substrates and, 
according to the experimental design, Mentha aquatica L. plants. At the bottom right of the picture, a 
crate box without pot and plant was used to evaluate water losses by evaporation. 

2.2. Water Monitoring 

Crate boxes were refilled with tap water two times (4 April and 3 May) during the experiment 
and at the end of the experiment (29 May) to restore the initial level of 35 L. The added water volume 
was recorded. At the beginning of the experiment, and at seven-day intervals, water was monitored 
for dissolved oxygen (mg L−1), pH, and electric conductivity (EC; µS cm−1) using a portable multi-
parameter meter (HQ40d Portable Multi-Parameter Meter, Hach Lange GmbH, Düsseldorf, 
Germany). Water turbidity (NTU) was also measured using the 2100P Turbidimeter (Hach, Loveland, 
CO, US). The day in which the crate boxes were refilled, water was analyzed both before and after 
refilling. The tap water used to fill and refill the crate boxes and the water of all crate boxes at the end 
of the experiment was analyzed for anion (NO3−, PO43−, SO42−, Cl−) and cation (NH4+, K+, Ca2+, Mg2+, 
Na+) content by ion chromatography (ICS-900 system, Dionex Corp., Milan, Italy). 

2.3. Plant Growth and Analysis 

Plant height was measured every two weeks throughout the experiment. Furthermore, rooted 
cuttings at the beginning of the experiment and plants at the end were separate into above and below-
ground plant organs, and fresh weight was recorded. Then, above and below-ground biomass were 
dried in a ventilated oven at 65 °C until constant weight to determine dry weight and dry matter 
content. During the experiment, phylloptosis occurred because of severe nutrient deficiency, which 
took place, in particular, in non-fertilized plants. Thus, dropped leaves were periodically collected 
and weighed. Thereafter, the biomass of the whole plant was recomposed, milled, and analyzed for 
mineral content. Total Kjeldahl nitrogen (TKN) was determined by the Kjeldahl method (Kjeltec 2300 
Auto Analyser; Foss-Tecator, Hillerød, Denmark). The other mineral contents (P, K, Ca, Mg) were 
determined by inductively coupled plasma optical emission spectrometry (ICP-OES, Arcos EOP, 
Spectro A. I. GmbH, Kleve, Germany), adopting the procedure described by Zancan et al. [32]. Data 
were used to calculate the total nutrient uptake by multiplying concentrations by their respective dry 
weights. Analysis of nutrient content were performed also on three samples of the initial rooted 

Figure 1. Photograph of the experimental site showing the plastic crate boxes filled with the polystyrene
panels floating on the water and bearing the net pots containing the substrates and, according to the
experimental design, Mentha aquatica L. plants. At the bottom right of the picture, a crate box without
pot and plant was used to evaluate water losses by evaporation.

2.2. Water Monitoring

Crate boxes were refilled with tap water two times (4 April and 3 May) during the experiment
and at the end of the experiment (29 May) to restore the initial level of 35 L. The added water
volume was recorded. At the beginning of the experiment, and at seven-day intervals, water was
monitored for dissolved oxygen (mg L−1), pH, and electric conductivity (EC; µS cm−1) using a portable
multi-parameter meter (HQ40d Portable Multi-Parameter Meter, Hach Lange GmbH, Düsseldorf,
Germany). Water turbidity (NTU) was also measured using the 2100P Turbidimeter (Hach, Loveland,
CO, US). The day in which the crate boxes were refilled, water was analyzed both before and after
refilling. The tap water used to fill and refill the crate boxes and the water of all crate boxes at the end
of the experiment was analyzed for anion (NO3

−, PO4
3−, SO4

2−, Cl−) and cation (NH4
+, K+, Ca2+,

Mg2+, Na+) content by ion chromatography (ICS-900 system, Dionex Corp., Milan, Italy).

2.3. Plant Growth and Analysis

Plant height was measured every two weeks throughout the experiment. Furthermore, rooted
cuttings at the beginning of the experiment and plants at the end were separate into above and
below-ground plant organs, and fresh weight was recorded. Then, above and below-ground biomass
were dried in a ventilated oven at 65 ◦C until constant weight to determine dry weight and dry matter
content. During the experiment, phylloptosis occurred because of severe nutrient deficiency, which
took place, in particular, in non-fertilized plants. Thus, dropped leaves were periodically collected and
weighed. Thereafter, the biomass of the whole plant was recomposed, milled, and analyzed for mineral
content. Total Kjeldahl nitrogen (TKN) was determined by the Kjeldahl method (Kjeltec 2300 Auto
Analyser; Foss-Tecator, Hillerød, Denmark). The other mineral contents (P, K, Ca, Mg) were determined
by inductively coupled plasma optical emission spectrometry (ICP-OES, Arcos EOP, Spectro A. I.
GmbH, Kleve, Germany), adopting the procedure described by Zancan et al. [32]. Data were used
to calculate the total nutrient uptake by multiplying concentrations by their respective dry weights.
Analysis of nutrient content were performed also on three samples of the initial rooted cuttings (1.25%,
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0.18%, 2.19%, 1.20%, and 0.45% of N, P, K, Ca, and Mg, respectively), so that the net nutrient uptake
was determined.

2.4. Statistical Analysis

The study was arranged as a 2 × 2 × 2 factorial experiment in a completely randomized design
with three replications. Data on water parameters were analyzed using a three-way ANOVA, and data
on plant growth and analysis using a two-way ANOVA. When the ANOVA was significant (P < 0.05),
means were differentiated by Tukey’s HSD test. Data collected on the supplemental crate boxes
(absolute control) were only used to estimate water evaporation and the pattern of its parameters
in standing water. In figures where data of absolute control are reported, means are presented ±
standard deviation.

3. Results

3.1. Water Monitoring

Rapidly after experiment setup, the pH increased from about 6.5 to over 8 (Figure 2). From 28
March to 9 May, in the absence of plants, the pH values of water were constantly higher than those
with plants. The plants affect the pH of the nutrient solution because of a selective ion uptake [33–35].
During rapid plant growth, and in normal sunlight conditions, the anion uptake is normally higher
than that of cations because of the high needs for nitrogen (i.e., nitrates) [35], so that pH is increased.
In the present experiment, the lower pH values observed with plants than without plants could be
explained by the low availability of nitrates (the most important anion) in the water, even when the
fertilizer was applied, as Osmocote has two-thirds of nitrogen in ammoniacal form.
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Electrical conductivity (EC) is a measure of the amount of salts that is dissolved in the water, 
and it is often determined as an easy way to evaluate overall nutrients release from fertilizers [36–
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with ion concentration due to water evaporation (Figure 3). The EC of tanks containing plants clearly 
increased over time and reached the highest values at the end of the experiment (+18.4% after the 
recovery of water lost for evapotranspiration) (Figure 3A). As it occurs in closed hydropic systems, 
EC increases because of the different plant uptake of water and nutrients and ion accumulation, 
particularly of the ballast or poorly absorbed ones [39]. In tanks set up with containers and substrates, 
but without plants, EC remained quite stable, as the depletion observed in only water was probably 
counteracted by the ion release from the substrates (Figure 3A). Figure 3B reinforces the latter 
assumption, indicating that the substrate containing the higher amount of zeolite (i.e., with higher 
ion concentration; cfr Table 1) was the one that produced the higher EC increase. It has to be reported 
that the presented main effects do not highlight the fact that in the treatments fertilized but without 

Figure 2. Variation of water pH during the experiment. Arrows indicate the dates at which the water
lost for evapotranspiration was restored. At each date, values of water are presented with bars of
standard deviation; asterisks indicate statistical significance according to ANOVA (* P < 0.05, ** P < 0.01,
*** P < 0.001, ns = not significant).

Electrical conductivity (EC) is a measure of the amount of salts that is dissolved in the water,
and it is often determined as an easy way to evaluate overall nutrients release from fertilizers [36–38].
In general, the EC of the tap water tended to decrease over time, probably because of processes such as
the precipitation of calcium carbonate and chlorine volatilization, which partially counteract with ion
concentration due to water evaporation (Figure 3). The EC of tanks containing plants clearly increased
over time and reached the highest values at the end of the experiment (+18.4% after the recovery of
water lost for evapotranspiration) (Figure 3A). As it occurs in closed hydropic systems, EC increases
because of the different plant uptake of water and nutrients and ion accumulation, particularly of the
ballast or poorly absorbed ones [39]. In tanks set up with containers and substrates, but without plants,
EC remained quite stable, as the depletion observed in only water was probably counteracted by the
ion release from the substrates (Figure 3A). Figure 3B reinforces the latter assumption, indicating that
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the substrate containing the higher amount of zeolite (i.e., with higher ion concentration; cfr Table 1)
was the one that produced the higher EC increase. It has to be reported that the presented main
effects do not highlight the fact that in the treatments fertilized but without plants, the EC increased
because of a nutrient release by fertilizer, and this release had a sigmoidal pattern (except for the
EC change because of the water refill) in accordance with what has been reported in literature for a
controlled-release fertilizer [40–42]. The effect of the fertilizer application is obvious, and, in fact, the
supply of nutritional ions increased EC to a similar extent of the presence of the plant (Figure 3C).
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Figure 3. Variation of water electrical conductivity during the experiment as affected by the presence or
absence of plants (A), substrate (P1:Z1 and P2:Z1 indicate a peat to zeolite volumetric ratio of 1:1 and
2:1, respectively) (B), and with or without fertilizer application (C). Arrows indicate the dates in which
the water lost for evapotranspiration was restored. At each date, values of water are presented with
bars of standard deviation; asterisks indicate statistical significance according to ANOVA (* P < 0.05,
** P < 0.01, *** P < 0.001, ns = not significant).

At different dates, an interaction effect of the presence of the plant and fertilizer application
on water EC was also observed (Figure 4). The first time (4 April), only four weeks passed from
the beginning of the experiment, and in the absence of the plant, the fertilizer application led to an
increase of EC that was not confirmed when the plant was present, probably because of its nutrient
uptake (Figure 4A). Differently, at the last time (8 May), a significantly higher EC was also found in the
presence of the plant, but in a much lower magnitude than when there was no plant (+20.0 and +8.3%,
respectively) (Figure 4B).
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Figure 5A highlights that the main factor affecting the oxygen content in water was the presence
of plants that use oxygen for aerobic respiration [43,44], hence reducing its concentrations. In floating
systems, such as the cultivation system used in this experiment, oxygen depletion can lead to serious
anoxia problems [44,45], but, in this experiment, the oxygen concentration levels were acceptable for
plant growth. The application of fertilizer affected also the dissolved oxygen. When Osmocote was
used, the lower values observed in the last five weeks were probably due to the higher growth of
fertilized plants that, of course, had a higher demand in oxygen (Figure 5B).
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or absence of plants (A) and with or without fertilizer application (B). Arrows indicate the dates in which
the water lost for evapotranspiration was restored. At each date, values of water are presented with
bars of standard deviation; asterisks indicate statistical significance according to ANOVA (* P < 0.05,
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The turbidity of water was affected by plant and substrate main factors (Figure 6). In the absence
of plants, the water turbidity was higher in the second half of the experiment, possibly because of the
higher nutrient concentrations that promoted the growth of microalgae (Figure 6A). The initial high
values of turbidity at the beginning of the experiment were, instead, mainly due to the use substrate
and of the peat in particular (Figure 6B), of which the thinner particles dislodged from the container
and were rapidly suspend in water.
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Figure 6. Variation of water turbidity during the experiment as affected by the presence or absence
of plants (A) and substrate (P1:Z1 and P2:Z1 indicate a peat to zeolite volumetric ratio of 1:1 and 2:1,
respectively) (B). Arrows indicate the dates in which the water lost for evapotranspiration was restored.
At each date, values of water are presented with bars of standard deviation; asterisks indicate statistical
significance according to ANOVA (* P < 0.05, ** P < 0.01, *** P < 0.001, ns = not significant).

The amount of water lost by evapotranspiration throughout the experiment, which lasted for
111 days, is reported in Figure 7. Without plants, water was lost only through evaporation, and
the application of fertilizer did not affect this parameter (on average, about 11 L). Values are a little
higher than the only water control (10.3 L; data not shown), which did not experience evaporation
from the substrate. Differently, fertilizer application with plants greatly increased losses of water by
transpiration as a result of much higher biomass production. In particular, water loss by non-fertilized
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plants was 19.7 L, twice that of the treatment without plants (11.1 L, on average), and that of fertilized
plants was further doubled (Figure 7). If we consider only transpiration, fertilized plants consumed
three times that of non-fertilized plats (29.0 L vs. 9.2 L, corresponding, respectively, to 82 mL d−1

and 261 mL d−1 of average daily transpiration). It is worthy to remember that the tanks used in the
experiment were initially filled with 35 L of water and restored to 35 L on two occasions (plus an
additional one, at the end of the experiment, with the only purpose of evaluating overall water losses),
so fertilized plant virtually used more than the water initially provided to the plants.
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3.2. Plant Growth

Plant growth was affected only by the fertilization treatment. Plant height increased significantly
with fertilizer application as soon as four weeks from the beginning of the experiment (Figure 8).
In particular, a strong reduction of the growth rate was noted in non-fertilized plants after March 21,
when the nutrient concentrations in tap water were no longer able to sustain plant requests. At the
end of the experiment, the plant height of fertilized plants was 143% higher than that of non-fertilized
plants (Figure 8). No effect of the substrate was observed.
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Similarly, shoots and leaves biomass were respectively 190% and 166% higher in fertilized plants
compared to the non-fertilized ones (Figure 9). Roots, which play an important role in the search
for nutrients [46], were only 47.7% longer, hence significantly increasing the root-to-shoot ratio.
On the contrary, as nutrient deficiency was, of course, higher in non-fertilized plants, necromass was
significantly lower when Osmocote was supplied (Figure 9).



Agronomy 2020, 10, 199 9 of 15

Agronomy 2020, 10, 199 9 of 14 

 

 
Figure 9. Effect of fertilizer application on the dry weight of different plant organs. For each plant 
organ, asterisks indicate statistical significance according to ANOVA (** P < 0.01, *** P < 0.001). Bold 
asterisks indicate total dry weight significance. 

3.3. Plant Nutrition and Quality of Water 

Table 3 shows the total amount of macro- and meso-nutrients supplied with the tap water. Since 
these values wered derive from the sum of the initial volumes of water (equal for all) and the 
evapotranspirated volumes (different for each treatment) multiplied by the concentrations of 
nutrients in the tap water, the differences reflect those of the evapotranspiration (Figure 9), where 
only the presence of plant and application of the fertilizer and their interaction showed significant 
effects. The minor contributions, without significant differences, were observed in the tanks without 
the presence of the plants and with values similar to those of the control tanks. The highest values, 
on the other hand, were observed in tanks with plants and Osmocote fertilizer. It should also be noted 
that the supply of phosphate with water was negligible, as the analytical system used only detected 
phosphate in traces (detection limit of phosphate-P of 0.02 mg L−1) (Tables 2 and 3). 

At the end of the experiment, the amount of nutrients remaining in the tanks of the only water 
control was 11% lower for N, unchanged for K, halved for Ca, and 13% lower for Mg compared to 
those supplied with fresh tap water (Tables 3 and 4). This, at least in part, supports what previously 
was said about EC reduction in only water (Figure 3). 

For the tanks of the different treatments, negligible amounts of the macronutrients were 
observed in the presence of the plant at the end of experiment. For instance, of the 319 mg and 59 mg 
of N and K supplied with tap water only, about 5 mg and 4 mg remained in the treatments with plant 
and fertilization. The amounts of Ca and Mg remained relatively high, with both reduced by only 
55% and 50%, on average, in the two substrates (Tables 3 and 4). Interestingly, the values of N, Ca, 
and Mg, observed in absence of plant and fertilization, were present to a major extent compared to 
the amounts supplied with the water as a result of the ion absorption to the exchange capacity of the 
substrate, while the K content increased for the high content in the substrate and in the zeolite 
component in particular (Table 1). Furthermore, with fertilizer application without plants, the 
contents of nutrients increased in N, P, and K compared with what was supplied with water, and 
further increased in K compared to treatments with no plants and no fertilizer. Osmocote did not 
contain Ca or Mg, so the amount of Ca remained the same, while that of Mg only slightly decreased 
(Tables 3 and 4).  

At last, it has to be pointed out that the comparison of two substrates containing different rates 
of raw materials was introduced with the intent of promoting nutrient adsorption to the ion exchange 
capacity of the zeolite. In fact, this material is known for being capable to retain nutrients and reduce 
their leaching [47–49]. However, in the present work, this ability of zeolite was not confirmed, and 
actually slightly increased release of P and K (Table 4), as it was the overall salt content (i.e., EC; cfr 
Figure 3). 
  

Figure 9. Effect of fertilizer application on the dry weight of different plant organs. For each plant
organ, asterisks indicate statistical significance according to ANOVA (** P < 0.01, *** P < 0.001). Bold
asterisks indicate total dry weight significance.

3.3. Plant Nutrition and Quality of Water

Table 3 shows the total amount of macro- and meso-nutrients supplied with the tap water.
Since these values wered derive from the sum of the initial volumes of water (equal for all) and
the evapotranspirated volumes (different for each treatment) multiplied by the concentrations of
nutrients in the tap water, the differences reflect those of the evapotranspiration (Figure 9), where
only the presence of plant and application of the fertilizer and their interaction showed significant
effects. The minor contributions, without significant differences, were observed in the tanks without
the presence of the plants and with values similar to those of the control tanks. The highest values,
on the other hand, were observed in tanks with plants and Osmocote fertilizer. It should also be noted
that the supply of phosphate with water was negligible, as the analytical system used only detected
phosphate in traces (detection limit of phosphate-P of 0.02 mg L−1) (Tables 2 and 3).

Table 3. Amount of nutrients (mg) supplied through the tap water in each treatment and water control
only. P2:Z1 and P1:Z1 indicate substrates with a peat:zeolite ratio of 2:1 and 1:1 (v/v), respectively.

N P K Ca Mg

Tap water 184 traces 34.2 1595 1051

Plant Fertilizer Substrate

Without Without P2:Z1 192 c traces 35.7 c 1663 c 1096 c
P1:Z1 191 c traces 35.6 c 1655 c 1090 c

With P2:Z1 203 c traces 37.6 c 1752 c 1154 c
P1:Z1 191 c traces 35.4 c 1650 c 1087 c

With Without P2:Z1 239 b traces 44.3 b 2064 b 1360 a
P1:Z1 222 bc traces 41.2 bc 1920 bc 1265 bc

With P2:Z1 319 a traces 59.2 a 2758 a 1817 a
P1:Z1 319 a traces 59.3 a 2759 a 1817 a

Significance
Plant (P) *** n.d. *** *** ***

Fertilizer (F) *** n.d. *** *** ***
Substrate (S) n.s. n.d. n.s. n.s. n.s.

P x F ***. n.d. *** *** ***
P x S n.s. n.d. n.s. n.s. n.s.
F x S n.s. n.d. n.s. n.s. n.s.

P x F x S n.s. n.d. n.s. n.s. n.s.

Means in the same column followed by different letters indicate significant differences according to Tukey’s HSD
test (P < 0.05). *** = significant at P < 0.001; n.s. = not significant differences according to ANOVA.
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At the end of the experiment, the amount of nutrients remaining in the tanks of the only water
control was 11% lower for N, unchanged for K, halved for Ca, and 13% lower for Mg compared to
those supplied with fresh tap water (Tables 3 and 4). This, at least in part, supports what previously
was said about EC reduction in only water (Figure 3).

Table 4. Amount of nutrients (mg) remaining in the water tanks in each treatment, and water control
only, at the end of the experiment. P2:Z1 and P1:Z1 indicate substrates with a peat:zeolite ratio of 2:1
and 1:1 (v/v), respectively.

N P K Ca Mg

Tap water 163 traces 34.7 733 913

Plant Fertilizer Substrate

Without Without P2:Z1 79 b 1 c 307 b 1225 b 724 c
P1:Z1 85 b traces c 428 b 951 b 796 bc

With P2:Z1 243 a 46.5 a 403 b 1679 a 854 ab
P1:Z1 233 a 35.3 b 577 a 1703 a 857 ab

With Without P2:Z1 6 c traces c 3 d 1307 ab 865 ab
P1:Z1 7 c traces c 114 c 1145 b 794 bc

With P2:Z1 4 c traces c 4 d 1206 b 872 ab
P1:Z1 6 c traces c 3 d 1286 ab 926 a

Significance
Plant (P) *** *** *** * n.s.

Fertilizer (F) *** *** n.s. *** *
Substrate (S) n.s. n.s. *** n.s. n.s.

PxF *** *** *** *** n.s.
PxS n.s. n.s. n.s. n.s. n.s.
FxS n.s. n.s. n.s. n.s. n.s.

PxFxS n.s. n.s. n.s. n.s. n.s.

Means in the same column followed by different letters indicate significant differences according to Tukey’s HSD
test (P < 0.05). *** = significant at P < 0.001; * significant at P < 0.05; n.s. = not significant differences according
to ANOVA.

For the tanks of the different treatments, negligible amounts of the macronutrients were observed
in the presence of the plant at the end of experiment. For instance, of the 319 mg and 59 mg of N
and K supplied with tap water only, about 5 mg and 4 mg remained in the treatments with plant and
fertilization. The amounts of Ca and Mg remained relatively high, with both reduced by only 55% and
50%, on average, in the two substrates (Tables 3 and 4). Interestingly, the values of N, Ca, and Mg,
observed in absence of plant and fertilization, were present to a major extent compared to the amounts
supplied with the water as a result of the ion absorption to the exchange capacity of the substrate,
while the K content increased for the high content in the substrate and in the zeolite component in
particular (Table 1). Furthermore, with fertilizer application without plants, the contents of nutrients
increased in N, P, and K compared with what was supplied with water, and further increased in K
compared to treatments with no plants and no fertilizer. Osmocote did not contain Ca or Mg, so the
amount of Ca remained the same, while that of Mg only slightly decreased (Tables 3 and 4).

At last, it has to be pointed out that the comparison of two substrates containing different rates of
raw materials was introduced with the intent of promoting nutrient adsorption to the ion exchange
capacity of the zeolite. In fact, this material is known for being capable to retain nutrients and reduce
their leaching [47–49]. However, in the present work, this ability of zeolite was not confirmed, and
actually slightly increased release of P and K (Table 4), as it was the overall salt content (i.e., EC; cfr
Figure 3).

The nutrient uptake by plants was affected by fertilization (P < 0.001) for all the nutrients
considered. In fact, for fertilized plants, the amount of nutrients removed increased compared to the
non-fertilized ones (+155%, +368%, +128%, +92%, and +108% for N, P, K, Ca, and Mg, on average,
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respectively; Table 5) as a result of a higher biomass production and, in the case of N, P, and K, of a
higher concentration in the plant dry mattes as well (data not shown).

Table 5. Nutrients uptake (mg) by Mentha aquatica L. plants. P2:Z1 and P1:Z1 indicate substrates with a
peat:zeolite ratio of 2:1 and 1:1 (v/v), respectively.

Fertilizer Substrate N P K Ca Mg

Without P2:Z1 279 b 33 b 762 b 366 b 147 b
P1:Z1 235 b 23 b 697 b 330 b 101 c

With P2:Z1 701 a 123 a 1695a 640 a 274 a
P1:Z1 615 a 139 a 1632 a 699 a 241 ab

Significance
Fertilizer (F) *** *** *** *** ***
Substrate (S) n.s. n.s. n.s. n.s. *

FxS n.s. * n.s. n.s. n.s.

Means in the same column followed by different letters indicate significant differences according to Tukey’s HSD
test (P < 0.05). *** = significant at P < 0.001; * significant at P < 0.05; n.s. = not significant differences according
to ANOVA.

Comparing Table 5 to Table 3, it is clear that the macronutrient uptakes by plant were greater than
the nutrients supplied with tap water and, in the case of nitrogen, exceeded from a minimum of 13 mg
to a maximum of 382 mg for P1:Z1 substrate and no fertilizer application, and P2:Z1 substrate and
fertilizer application, respectively. As the amount of macronutrients remaining in the water at the
end of the experiment was negligible, these higher uptakes must have been fulfilled in part from the
nutrients released by the substrate (the only source in the non-fertilized treatments), part of which are
soluble and then readily available in a short term (Table 1), and in part from the fertilizer. The nutrients
supplied with the fertilizer were, however, greater than those taken up by plants. As only traces were
found in the remaining water and considering that part of the nutrient’s needs were fulfilled by the
substrates, this indicates that, at most, the 50.5% and 36% of the N applied with the fertilizer with
the P1:Z1 and P2:Z1 substrates, respectively, and 73.5% and 76.5% for P remained in the prills of the
Osmocote fertilizer or adsorbed by the ion exchange capacity of the substrate.

The agronomic and environmental efficiency of a fertilizer depends upon its ability to synchronize
its nutrient release pattern to the plant uptake pattern [40,50]. The release profile of controlled release
fertilizer is often represented by a sigmoid curve [42,51] similar to that of the nutrient uptake [40],
as also demonstrated for cattail (Typha latifolia L.), an emergent aquatic plant [52]. The results are in
line with the expectations, as both the plant height (Figure 8) and water EC in the fertilized treatment
without plants showed this profile, and that only traces of nutrients were found in fertilized treatments
with plants (Table 4).

As only a fraction of the nutrients supplied with the fertilizer were taken up by plants and were
not present in the remaining water, it has to be pointed out that another fraction was still present in the
substrate exchange capacity and/or in the Osmocote prill and could further support plant growth.

Controlled release fertilizers are commonly used in ornamental aquatic nurseries and pond
management [53–55], but there is no scientific literature on their effectiveness in promoting plant
growth while avoiding release in the medium, thus polluting the water. In the paddy environment, a
higher nutrient efficiency of controlled release fertilizers has been proved compared to conventional
granular ones [56–58], but the positive effect on the quality of the water was not evaluated as positively
as in the present experiment.
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4. Conclusions

Plant presence represents a key component of bioretention basins. For this reason, a rapid
establishment of plants is desirable. To reach this goal, supplementary nutrients should be applied,
but their release in the water should also be taken into account. The evaluation of the results obtained
in our experiment highlights that the fertilization with Osmocote, a controlled-release fertilizer, of M.
aquatica grown in a floating system intended for bioretention basins, sustained the plant growth and
establishment without compromising the quality of water. Furthermore, the adoption of a substrate
containing a higher rate of zeolite did not improve nutrient adsorption or reduce water pollution.
Therefore, the application of Osmocote during plant establishment, no matter the substrate, could be
a valuable solution usable as routine practice when a bioretention basin is vegetated with floating
elements with substrate.
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