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ABSTRACT: The objective of this study was to trace the transformations of phosphorus in an inte-
grated multitrophic aquaculture (IMTA) system and to determine whether the method of plant
breeding influenced the dynamics of these changes. In the experiment, the media filled beds
(MFB) method of plant cultivation was applied. Fish tanks were stocked with 200 common carp
Cyprinus carpio, and hydroponic terraces were planted with 49 zantedeschia Zantedeschia sp.
bulbs. Water samples were taken directly from the fish tanks immediately after each type of filtra-
tion (mechanical, biological and hydroponic). The basic forms of orthophosphates in the IMTA
system included some H,PO,~ ions but mostly HPO,?". The higher supply of reactive phosphorus
that occurred over time in the experiment may have contributed to a decrease in calcium ion con-
centration due to the formation of Ca3(PO,), and CaHPO, salts, thus inactivating some of the phos-
phorus available to plants. Phosphorus may have also been inactivated in the sediment due to the
formation of Mg;(PO,), and MgHPO, salts after decreasing the concentration of calcium ions as a
result of their precipitation in sediments. Mineralization of organic matter took place under aero-
bic conditions. Organic matter was a source of biogenic substances in the IMTA system. Experi-
mental results showed that IMTA systems have significant potential to reduce phosphorus in
aquaculture wastewater and thus provide a good environment for fish farming by improving

water quality.
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1. INTRODUCTION

In view of the growing global human population
and the consequent requirement to increase food
production, there is a need to seek economically
viable and environmentally safe solutions for food
production. One of the problems that must be ad-
dressed is the availability of phosphorus for fertilizer
production, as phosphorus is a key nutrient in the
developing agricultural industry. The extraction and
processing of phosphate is a highly energy-intensive
process that results in a wide range of adverse envi-

*Corresponding author: agnieszka.torz@zut.edu.pl

ronmental effects (Cerozi & Fitzsimmons 2017). From
this perspective, the use of phosphorus-rich aquacul-
ture waste for irrigation and soil fertilization makes
both economic and environmental sense.

In aquaculture, widely used recirculating closed-
circuit systems, such as the recirculating aquaculture
system (RAS), are becoming increasingly popular
worldwide. These types of systems can be improved
through integration with hydroponic farming, thus
providing additional economic and ecological bene-
fits (Palm et al. 2018). The integration of aquaculture
and hydroponic plant breeding has been analyzed
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many times using different system layouts, plant
species and species of aquatic organisms. The most
suitable and effective aquacultural practice involves
closed recirculation systems integrated with hydro-
ponic systems, i.e. integrated multitrophic aquacul-
ture (IMTA), because nutrient concentrations can be
sufficiently maintained for proper plant growth and
development (Seawright et al. 1998).

According to Cerozi & Fitzsimmons (2017), the
transformation of phosphorus and its budget in IMTA
systems is not fully understood. The dynamics of
phosphorus metabolism in IMTA systems have been
described by Seawright et al. (1998), but according to
that study, the amount of phosphorus in the fish,
plants and sediments was higher than the amount of
phosphorus supplied with the feed. Phosphorus dy-
namics were also discussed by Cerozi & Fitzsimmons
(2017), who created a model which can be used as a
tool to maximize the use of phosphorus in the system
and minimize the amount of phosphorus in sediments.
In their experiment, they showed that phosphorus use
by fish comprised 42.3 % of the phosphorus available
in the feed and that phosphorus use by plants
amounted to 29.4 %. They also found that 13.1 % of the
phosphorus was not available for the fish or plants.

The concentrations of different nutrients in IMTA
systems vary depending on the production technology
adopted (Seawright et al. 1998). These include 3
hydroponic systems classified according to growth
medium types. In the nutrient film technique (NFT),
plants are grown in long, narrow plastic channels
with a 1% gradient through which a thin layer of
water constantly flows. The deep water culture
(DWC) method is also widely used in aquaponic sys-
tems. In this system, plants float on plastic sheets in
30 cm deep tanks filled with water. The roots of the
plants grow directly in the continuously flowing aer-
ated water, and the rafts of plants floating on the
water move as the plants grow (Love et al. 2015,
Forchino et al. 2017). Finally, the media filled beds
(MFB) system is probably the simplest and most com-
mon technique for small- and medium-scale systems.
In this system, a terrace is filled with a special sub-
strate that provides extra space for biofiltration and
thus for efficient plant growth. This type of bed is
flooded with water from the RAS system, in this way
the nutrients necessary for the proper growth of
plants are provided. Because of the mechanical sup-
port for the roots of the plants, this substrate can be
used to grow various species of plants (Somerville et
al. 2014, Engle 2015, Li et al. 2019).

MostIMTA systems are designed on a nitrogen bud-
get, which does not guarantee that other nutrients,

such as phosphorus, reach levels for sufficient plant
growth and development. Phosphorus deficiency will
inhibit plant growth, while excess phosphorus can
lead to antagonistic interactions with microelements,
especially zinc (Barben et al. 2010).

Taking into account a number of aspects related to
the functioning of the IMTA system, such as produc-
tion technology, the availability of nutrients for both
fish and plants and ecological aspects, this study was
undertaken to determine the intensity of phosphorus
compound transformation in the experimental multi-
trophic aquaculture system using the MFB method of
plant breeding.

2. MATERIALS AND METHODS
2.1. Description of the experimental IMTA system

The experimental IMTA system was set up in the
laboratory of the Department of Aquatic Bioengi-
neering and Aquaculture of the West Pomeranian
University of Technology, Szczecin, Poland, and
had a volume of 5 m® and was run for 21 weeks
from February to the end of May. The system con-
sisted of 3 polyethylene rearing fish tanks, each
with a capacity of 1 m?® a mechanical filter (0.5 m?)
filled with 0.1 m® of CALDNESS K1 mobile resin
and a biological filter comprising a nitrification
chamber (0.5 m?®) filled with 0.1 m?® of Mutag
BioChip mobile medium with a protective active
area of 3000 m? m=3. The entire IMTA system was
initiated 3 wk before the start of the experiment to
allow the biofilm on the biological bedding to de-
velop naturally, using water from another system
in operation. The entire system, including the
water in the breeding tanks and the biofilter bed,
was aerated using a Hi-Blow blower, which forced
compressed air into membranes installed in the
tanks. The remains of uneaten food and faeces
were removed through an outflow located centrally
at the bottom of the tanks, transferring contami-
nated water to the mechanical filter. The mechani-
cal filter was rinsed every 2-3 d, depending on its
condition.

The hydroponic terraces (0.5 m®) were made of
PVC foam sheets filled with perlite (420 1) used as a
medium for planting in the MFB method. Tricolor
lights (GROW LED UFO 90 W) were placed above
each terrace. The lighting regime was 12 h light:12 h
dark, with the plants illuminated by full light and the
fish tanks remaining in the twilight. Water loss by
evaporation, transpiration and sludge removal was
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compensated for by adding mains water at 1.5-2.0%
of the system volume over the experiment.

2.1.1. Fish tanks

Each experimental tank was stocked with 200 com-
mon carp Cyprinus carpio L. The mean initial weight
of each fish was 40 g. The fish were fed twice a day
throughout the experiment; the daily feed ration was
adjusted every 2 wk depending on the body weight of
the fish. The feed used was initially the commercial
feed Aller Primo, comprising 37 % protein content,
12 % fat, 32.5 % nitrogen-free extracts (NFE) and 7 %
ash, with a total energy of 19.6 MJ and digestible en-
ergy of 16 MJ per kg. For practical reasons, this feed
was replaced after 1 mo by the identically composed
Aller Primo Float, as the use of recirculating floating
feeds in the system reduced the risk of water quality
deterioration caused by unused feed and gave a better
level of feeding, allowing for better ongoing control of
the condition of the fish. During the experiment,
water temperature was maintained at an average of
22°C, forming optimal conditions for carp breeding.

2.1.2. Hydroponic terraces (filters)

At the beginning of March, the hydroponic ter-
races were planted with zantedeschia (Zantedeschia
Spreng.) bulbs at a density of 49 plants terrace™*. The
bulbs were planted in the perlite medium, maintain-
ing a distance of 10 cm from the edges of the tank
and 20 cm between the bulbs. Water samples were
taken once a week beginning in February, when the

fish were introduced into the rearing tanks, until the
end of May, when the flowers from the hydroponic
terraces were harvested. Water samples from the fish
tanks were taken from a half-tank depth, directly at
the water outlet of the filters and the fish were trans-
ferred to the breeding in the Fisheries Experimental
Station in Nowy Czarnéw. A diagram of the IMTA
system experiment is shown in Fig. 1.

2.2. Physico-chemical analyses of water

The concentrations of biogenic phosphorus com-
pounds were measured in 3 replicates using a
PHARO 300 MERCK UV-VIS spectrophotometer.
Reactive phosphorus (mg dm~3) and total phosphorus
(mg dm™) were analysed at A = 882 nm. Organic
phosphorus (mg dm™) was calculated from the dif-
ference between total phosphorus and reactive phos-
phorus, and dissolved oxygen concentration (mgO,
dm~3) was determined using the Winkler method.
Other parameters measured included pH, water tem-
perature, alkalinity, bicarbonate, calcium and mag-
nesium. Organic matter loading of the experimental
IMTA system was calculated by determining the
chemical oxygen demand (COD). Moreover, the ratio
of bicarbonate ions to carbonate ions was calculated.
All analyses used standard methods (APHA 1999).

The percentage of reduction after each filter was
calculated, and results are presented as mean, mini-
mum and maximum values. Results were analysed
statistically using Statistica v.13.3 software. The sig-
nificance of the correlation coefficients was tested us-
ing an R-Spearman non-parametric test; results were
considered significant at p < 0.05.
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Fig. 1. Water cycle in the experimental system. V: hydroponic terraces (filters); F: fish tanks; BF: biological filter; MF: mechanical
filter; P: tank with pump. Arrows indicate direction of water flow. Orange line: water after fish tanks and mechanical filter;
blue line: water after biological and hydroponic filters
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2.3. Calculation of phosphorus balance

The equation expressing the phosphorus balance
during the experiment is:

Pfeed = APﬁsh + Pwater + Pfaeces + Pplants + sediments (1)

where Pj.q is the amount of phosphorus in the feed,
APy, is the increase in phosphorus accumulated in
the fish during the experiment, Py, is the amount of
phosphorus accumulated in the water and Pieces is
that in the fish faeces. All variables are given in the
unit 'kg per kg'.

From Eq. (1), we obtain the amount of phosphorus
in the plants and sediments:

Pplants + sediments = Pfeed - (APﬁsh + Pwater + Pfaeces) (2)

APy, can be evaluated considering the mass of the
fish at the beginning (M{$9") and end (M$3?) of the
experiment and the concentrations of the phosphorus
in the fish bodies (p) measured experimentally
(Ph"™) and (pfi"):

d d) (b begi
APy, = pﬁn : Mffslkll pfls%gm 'M(ﬁsigln) 3)

Phosphorus supplied to the RAS (Pfeeq) comes from
the feed (M;eeq) and amounts to:

Pteed = Preed * Mreed 4)

All concentrations of the phosphorus: psisn, Preea @nd
Pwater @r€ given in unit 'kg per kg', with the exception
Of Preacess Which is taken from the data given by the
feed producer in 'kg per 100 kg'. The concentration
of the phosphorus is related to the average fish mass

(average),
Mflsh .

M) = 2 (M + M) )
and is equal to:

Pfaeces - p]f-fgcoes Mf;‘isx;]erage (6)

while Py.ter is determined based on the concentra-
tion of phosphorus measured experimentally after
the experiment (Pywater):

= Pwater * Vwater (7)

Pwater

3. RESULTS
3.1. Breeding

Fish were weighed every 3 wk and the feed con-
version ratio (FCR) determined. During the experi-
ment, the weight gain of fish was almost 7-fold. The
greatest increase in fish weight was observed after

Table 1. Average weight of common carp and calculated
feed conversion ratio (FCR) during the IMTA experiment

Week Weight (g) FCR
0 40.0 -

3 57.0 1.52
6 80.0 1.28
9 110.0 1.20
12 150.0 1.14
15 200.0 1.15
18 268.0 1.14

the system had stabilized the FCR coefficient showed
a downward trend, while in the second phase it sta-
bilized at a constant level (Table 1).

3.2. Variability in the physical and chemical
parameters of the water

Reactive phosphorus concentrations showed an
upward trend during the experiment, both in the
water of the fish tanks and in the water from the indi-
vidual filters, ranging from 0.07-3.29 mg dm™
(Fig. 2). In the final 2 weeks, a slight decrease in con-
centration to about 2.90 mg dm™ was noted at all
measurement points (Fig. 2). No significant differ-
ences in reactive phosphorus concentrations were
observed among the filters (Fig. 2). For the concen-
trations of this form of phosphorus, an average
reduction level was determined in the water after
each filter (Table 2, Fig. 3). The observed change in
the reduction of reactive phosphorus concentrations
in the water after each filter compared to the water
after the fish tanks was statistically significant, which
indicates that after each filtration step, the concen-
tration of reactive phosphorus was lower than in the
water of the fish tanks (Table 3).

The highest concentration of organic phosphorus
(5.53 mg dm™®) was recorded on the last day of the
experiment in the water from the fish tanks; this
amount was twice as high as the previous determina-
tions (Fig. 2). In the hydroponic terrace water sam-
ples, the concentration of organic phosphorus was
characterized by a similar variability to the biological
and mechanical filter samples (Fig. 2). During the
experiment, the concentration of organic phosphorus
was reduced after all filters, and the levels of reduc-
tion fluctuated significantly (Table 2, Fig. 3). The cor-
relation coefficients for the reductions in organic
phosphorus for all filters were statistically significant
(Table 3).
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Fig. 2. Variability in average concentrations of phosphorus in the IMTA system during the 21 wk experiment in water (A) from
fish pools and after (B) mechanical filtration, (C) biological filtration and (D) hydroponic filtration

Table 2. Average, maximum and minimum reduction of
phosphorus and organic matter in the aquaculture system
water after 3 types of filtration

Parameter Average Maximum Minimum
reduction reduction reduction
(%) (%) (%)
Reactive phosphorus
Mechanical filter -0.3 -8.8 2.9
Biological filter -2.3 -19.1 5.3
Hydroponical filter -1.2 -21.0 5.2
Organic phosphorus
Mechanical filter -9.4 -53.3 2.7
Biological filter -15.4 -74.6 5.9
Hydroponical filter -14.2 -54.8 8.0
Total phosphorus
Mechanical filter -2.2 -7.4 0.0
Biological filter -5.6 -21.8 0.0
Hydroponical filter -5.4 -21.2 0.3
Organic matter
Mechanical filter -13.8 -64.3 2.3
Biological filter -21.3 -52.1 -3.8
Hydroponical filter -26.6 -61.4 -11.7

Total phosphorus concentrations ranged from 0.15-
5.96 mg dm. A decrease in total phosphorus concen-
tration to an average of 5.45 mg dm™ was recorded at
the end of the experiment (Fig. 2). The average reduc-
tion after biological filtration was —5.6 %, while the

water filtered by the hydroponic filter had an average
reduction of —5.4 % (Table 2, Fig. 3).

Dissolved oxygen concentrations showed a down-
ward trend during the experiment, both in the water
from the fish tanks and after filtration (Fig. 4A). The
highest dissolved oxygen concentrations were ob-
served in the initial phase of the experiment, when
levels above 16.0 mg dm™ were recorded (Fig. 4A).
After the 3" week of the experiment, the amount of
dissolved oxygen gradually decreased, reaching a
minimum of 2.0 mg dm™ in the last week of the
experiment (Fig. 4A).

pH remained stable throughout the experiment,
with an average value of 7.47 in the fish tank water,
7.43 after filtering with the mechanical filter, 7.48
after the biological filter and 7.46 after the hydro-
ponic filter (Fig. 4B). The highest pH values were
recorded in the first 2 weeks of the experiment, fol-
lowed by a decrease to a stable level between 7.0
and 7.5 until the end of the experiment (Fig. 4B).

The highest value of general alkalinity was ob-
served in the first 3 weeks of the experiment (Fig. 4C).
Then a gradual decrease of alkalinity was observed
up to the 9™ week of the experiment, when it reached
a minimum value (Fig. 4C). An increase in alkalinity
to a level above 2.50 mval dm™ was observed in the
14™ week of the experiment; alkalinity remained at
this level until the end of the experiment (Fig. 4C).
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Table 3. Correlation coefficients based on non-parametric

R-Spearman tests for reduction level of reactive phosphorus,

organic phosphorus and organic matter according to filter
method. COD: chemical oxygen demand. *p < 0.050

Filter Mechanical Biological Hydroponical
Reactive phosphorus

Mechanical - 0.566* 0.514*
Biological 0.566* - 0.787*
Hydroponical 0.514* 0.787* -
Organic phosphorus

Mechanical - 0.772* 0.802*
Biological 0.772* - 0.902*
Hydroponical 0.802* 0.902* -
COD

Mechanical - 0.751* 0.589*
Biological 0.751* - 0.851*
Hydroponical 0589+ 0.851* -

Bicarbonate concentrations ranged from 61.6-
164.0 mg dm™ (Fig. 5A). The highest concentrations
of bicarbonates were observed in the initial phase of
the experiment (values peaked up to 4 times in the
first week) when they were above 140.0 mg dm™2, fol-
lowed by a decrease. The lowest bicarbonate con-
centrations were observed twice: in the 6™ week of
the experiment and between the 8™ and 10" weeks
of the experiment. After 10 weeks, the bicarbonate
concentrations ranged between 100.0 and 140.0 mg
dm™ (Fig. 5A).
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Fig. 3. Reduction levels of (A) reactive phosphorus, (B) or-
ganic phosphorus and (C) total phosphorus according to filter
in the IMTA system during the 21 wk experiment

The highest concentrations of calcium ions were
recorded during the first 9 weeks of the experiment
(Fig. 5B). In the 10" week, concentrations decreased
rapidly and continued to decline in the following
weeks until the last week of the experiment (Fig. 5B).

Variability in the concentrations of magnesium
ions followed a different pattern. The mean concen-
tration was above 95.0 mg dm™, both in the water
from the fish tanks and after all the filters. Magne-
sium ion concentrations ranged from 70.3-144.0 mg
dm™ (Fig. 5C) and remained at a constant level until
the 8" week of the experiment. In the 9" week, there
was a single increase in magnesium ion concentra-
tions to a maximum value (Fig. 5C). In the following
weeks, concentrations returned to the values ob-
served in the first 8 wk of the experiment (Fig. 5C).

The ratio of bicarbonate ions to calcium ions
ranged from 0.4-3.2 (Fig. 6). The ratio declined to a
minimum in the 9 week and then increased to a
maximum value at the end of the experiment (Fig. 6).

Correlation coefficients were determined to illus-
trate the role of calcium ions in the ratio of bicarbon-
ate to calcium ions. All relationships were statisti-
cally significant, which indicates the high affinity of
calcium ions to bicarbonate ions (Table 4). Calcium
ions combine with bicarbonate ions to form calcium
bicarbonates in the system, which results in the loss
of calcium ions from the system in the water from the
fish tanks and after each filtration.



dm

3

mg HCO

mg Mg?* dm™

mg O, dm™®

mval dm=

Torz et al.: Transformation of phosphorus in IMTA

--— Fish tanks

- - - - Mechanical filter
——— Biological filter
Hydroponic filter

Wb
n o o w o ©

PR NN W
o »n o u o

o o
o wn

11
Weeks

13 15 17 19

—— Fish tanks
— . — Mechanical filter
Biological filter
——— Hydroponic filter

17 19

160
140
120
100
80
60
40
20

1 3 5 7 9

11
Weeks

13 15 17 19

COD values ranged from 22.6-199.3 mgO, dm™
(Fig. 7). Lower index values were observed in the
first 5 weeks of the experiment (Fig. 7). Between
Weeks 5 and 12, an increase in the index value to a
maximum was observed (Fig. 7). In the 13" and 15®
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Fig. 4. Variability in average (A) dissolved oxygen concen-
trations, (B) pH and (C) alkalinity according to filter method
in the IMTA system during the 21 wk experiment

19

Fig. 5. Variability in average concentrations of (A) bicar-

bonates, (B) calcium ions and (C) magnesium ions accord-

ing to filter method in the IMTA system during the 21 wk
experiment

week, there was a decrease in the amount of organic
matter in the system (Fig. 7). After the 15™ week, an
upward trend was observed.

The reduction of organic matter after all filters fluc-
tuated significantly, and the overall tendency indi-

21

21



Fig. 7. Average organic matter (chemical oxygen demand)
according to filter method in the IMTA system during the
21 wk experiment

cates an increase in organic matter during the exper-
iment (Table 2). On the other hand, there was less
organic matter in the water after each filter relative
to the amount of organic matter in the water after the
fish tanks. This was confirmed by the significant cor-
relation coefficients (Table 3).

The relationship between the concentration of cal-
cium ions and reactive phosphorus is shown in Fig. 8.
Until the 9™ week of the experiment, when the con-
centration of reactive phosphorus remained below
1.5 mg dm™3, calcium ion concentrations remained
above 140.0 mg dm™. After the 9™ week, there was a
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5 . sharp decrease in calcium ion concentrations and an
3.0 — ;th;z':i‘csalﬁker increase in reactive phosphorus. This trend contin-
25 T Biological filter ued until the end of the experiment (Fig. 8).
& - —— Hydroponic filter
]
O 20
=
o 15 3.3. Total phosphorus balance in the experimental
% 1.0 multitrophic aquaculture system
05 . . .
We used the equations in Section 2.3 as well as
i data obtained from the experiment and provided by
1 3 5 7 9 11 13 15 17 19 21 he feed d to obtain the followi lues:
Weeks the feed producer to obtain the following values:
. . . o MPSI™ = 24.27 kg, MY = 159.95 kg, Miseq =
Fig. 6. Variability in the ratio of bicarbonates to calcium ions 165.841 kq. V — 5000 dm? — 1% (begin) _
(HCO57/Ca?") according to filter method in the IMTA system ' . (e%ii) water —0 1 Pteea - . oy pfiilé =
during the 21 wk experiment 0.25%, piigh’ = 0.27 %, Pwater = 5.46 - 107 kg dm™ and
Pracces = 0.39 kg. From these values, we calculated the
250 — Fishtanks amount of phosphorus accumulated in the plants and
R ms;héi‘;‘;ﬁi'lztre’ sediments as Pjjanis + sediments = 0.947 kg, which is 57 %
200 _ Hydrfponic filter of the phosphorus supplied to the RAS.
£ The amount of phosphorus in the sediments can be
s estimated based on the phosphorus reductions ob-
Oo, 00 tained after individual filtration. The maximum re-
€ duction of phosphorus after the hydroponic filter was
50 21.2%, so it can be assumed that the amount of phos-
0 phorus accumulated from circulation in plants was
B 3 5 ; o 1 13 15 17 19 21 Just21.2% (Table 2). However, we can assume that
Weeks not all of the available phosphorus was used by the

plants. Therefore, it was assumed that only half of the
21.2% of available phosphorus was accumulated in
the plants. On this basis, the following result was
obtained: Pyjanis = 10.6 % and Pgegiments = 46.4 %.

Fig. 9 shows the balance of total phosphorus deliv-
ered with the feed in the experimental IMTA system.

4. DISCUSSION

4.1. Transformation of phosphorus in an
integrated aquaponic system

Phosphorus is a basic macroelement necessary for
the growth and development of living organisms. It
occurs in forms that are strongly dependent on envi-

Table 4. Correlation coefficients based on non-parametric R-Spearman test for a relationship between the ratio of bicarbonate
ions to calcium ions and the concentration of calcium ions. All correlation coefficients were statistically significant for p < 0.050

Parameter

HCOs/Ca HCO3/Ca
fish tanks after mechanical filter

HCO3/Ca HCO;4/Ca
after biological filter after hydroponic filter

3

(mgCa?* dm™) fish tanks -0.868 -0.864 -0.862 -0.854
(mgCa?* dm) after mechanical filter -0.902 -0.904 -0.890 -0.884
(mgCa?* dm™) after biological filter -0.879 -0.874 -0.871 -0.866
(mgCa?* dm) after hydroponic filter -0.917 -0.918 -0.913 -0.905
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Fig. 8. Relationship between average concentrations of reactive phosphorus and average concentrations of calcium ions in
the IMTA system during the 21 wk experiment in water (A) from fish pools and after (B) mechanical filtration, (C) biological
filtration and (D) hydroponic filtration

ronmental pH. In the root zone, this element can be
found as PO,*", HPO,* and H,PO,~, where the latter
2 ions are the main forms of phosphorus taken up by
plants. Thus, when pH is maintained at a level below
7.5, the largest amount of phosphorus is available for
plants (De Rijck & Schrevens 1997, Prabhu et al.
2007, Resh 2013). In our experiment, the pH was
maintained at a level that allowed the formation of

10%

45%

[J Total phosphorus in plants
[ Total phosphorus in water

M Total phosphorus in fishes
M Total phosphorus in sediments
[ Total phosphorus in faeces

Fig. 9. Balance of total phosphorus supplied by the fish feed in
the experimental integrated multitrophic aquaculture system

phosphorus in forms available to the plants; hence,
based on the previously discussed results of pH
determinations, we me that HPO,? dominated in the
system, with a small amount of H,PO,”. The appro-
priate pH of the water is important not only to ensure
the presence of phosphate forms available to plants
but also to create appropriate conditions for the
proper course of biochemical processes in the system
(Espinal & Matuli¢ 2019).

The primary source of phosphorus in an aquaponic
system is fish feed (Eck et al. 2019). A stable and rel-
atively low value of the FCR coefficient indicates
optimal use of feed by the fish; the unused part of the
feed is certainly a source of phosphorus in the IMTA
system, even though phosphorus can be a limiting
element and can impede plant growth (Graber &
Junge 2009). We assume that a ratio of 1:15 nitrogen:
phosphorus is optimal for building organic matter in
the primary production process. The results from cal-
culations obtained in our experiment showed phos-
phorus was a limiting element because the nitrogen:
phosphorus ratio was 1:4.9.

According to Rafiee & Saad (2005), fish can use up
to 15% of the phosphorus available in their feed.
Cerozi & Fitzsimmons (2017), on the other hand,
pointed out that in hydroponic lettuce production, the
amount of phosphorus supplied from fish tanks can
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be both sufficient and insufficient, depending on the
growth phase of the lettuce. Even 100 % of the phos-
phorus that is supplied from fish farms can be used to
produce plant biomass. Graber & Junge (2009) ob-
served a phosphorus use efficiency (PUE) of 50 %,
Schmautz et al. (2016) found a 32 % PUE and Cerozi
& Fitzsimmons (2017) reported a PUE of 29.4 %.

In our experiment, a 21 % reduction of phosphorus
was achieved. Thus, the reduction level obtained in
our experiment was lower than previously described
reduction levels. It can be assumed that the lower
PUE was related to the MFB method of plant cultiva-
tion, where hydroponic terraces were filled with
perlite. The filling of the hydroponic terraces and the
oxygen conditions in the experiment may have con-
tributed to the formation of insoluble phosphorus
compounds such as hydroxyapatites and their depo-
sition in the sediments that formed at the bottom of
hydroponic tanks; hence the inferior absorption of
orthophosphates by plants using the MFB method. In
addition, at relatively high calcium concentrations in
the system, phosphorus may be excluded from circu-
lation by forming Ca3(PO,), or CaHPO, salts at neu-
tral pH (Yep & Zheng 2019). Phosphorus precipita-
tion may also occur through the formation of the salts
Mg3(POy), and MgHPO, (Palm et al. 2018).

A higher supply of reactive phosphorus in the ex-
periment may have contributed to a decrease in cal-
cium ion concentration as a result of the formation of
Ca3(POy), or CaHPO, (Fig. 8). In the second phase of
the experiment, reactive phosphorus precipitated in
the form of Mg3(POy), and MgHPO,. An important
factor preventing the coupling of orthophosphates
with calcium ions is the general alkalinity of the water
and the associated concentration of carbonates and
bicarbonates (Cerozi & Fitzsimmons 2017). The speci-
ation of carbonates in the water is strongly pH-
dependent and is similar to that of orthophosphates.
At high pH, carbonate ions dominate and, along with
calcium ions, will form calcium carbonate. At a lower
pH, calcium bicarbonate will be formed. It should be
assumed that the presence of bicarbonates at the level
presented in this experiment also allowed binding of
calcium ions with bicarbonates. A deficit of bicarbo-
nates relative to calcium ions occurred between
Weeks 5 and 11 of the experiment (Fig. 6). This was
also confirmed by an increase in the concentration of
reactive phosphorus after 6 wk of the experiment
Therefore, after the 6™ week, there was more reactive
phosphorus available for the plants because calcium
was bound to bicarbonates. After the system stabi-
lized, the supply of reactive phosphorus increased.
The balance of phosphorus supplied to the circulation

with the feed clearly shows that both fish and plants
use orthophosphates, although a significant amount is
excluded from circulation in the form of sediment.
The water pH also affects the possibility of phos-
phorus assimilation by plants. According to Yildiz et
al. (2017), higher pH contributes to the creation of
phosphorus forms that are not accessible by plants.
With a stable level of pH, however, the main reasons
for lower absorption of reactive phosphorus by plants
were presumably the oxygen conditions and the for-
mation of Ca3(POy,), and CaHPO, salts. Thus, loss of
phosphorus from the cycle may have been mainly
due to its entrapment in the resulting sediment. Ac-
cording to Schneider et al. (2005), 30-65% of the
phosphorus from fish feed is lost due to chemical
transformations, leading to the formation of phospho-
rus that is not accessible by plants and which is then
removed from circulation by mechanical filtration.
Yogev et al. (2016) estimated these losses to reach as
much as 85 %. A similar situation occurred in our ex-
periment, where the precipitation of phosphorus in
sediments was estimated at 45 %. Achieving stable
conditions in the circulation and equilibrium be-
tween the concentrations of individual parameters
increases the availability of reactive phosphorus,
which can be better absorbed by plants. Eck et al.
(2019) proposed using additional containers to the
aquaponic system that would form a trap in which
the phosphorus could be retained and then con-
verted by aerobic and anaerobic processes into a
form available to the plants and subsequently re-
turned to the system. Despite the relatively high
phosphorus losses, PUE was generally higher than
nitrogen use efficiency (NUE) (Cerozi & Fitzsimmons
2017, Yep & Zheng 2019). Similar results were also
obtained in this experiment, where NUE averaged
16.6 % (Torz et al. 2021) and PUE averaged 21 %.
The basic form of organic phosphorus in ecosys-
tems is insoluble phytates. Enzymatic transforma-
tions with the use of phytases result in the release of
these organic forms of orthophosphates, which are
available to plants. Bacteria play a significant role in
enzymatic transformations of phytates, showing sig-
nificant activity in the rhizosphere. Increasing avail-
able phosphorus can be achieved through biochemi-
cal processes. Microorganisms also contribute to the
control of pathogens (Jorquera et al. 2008, Lennard &
Goddek 2019). Considering the method of plant
breeding in our experiment (i.e. MFB), it should be
assumed that in this environment in the rhizosphere
there could also be both microorganisms producing
phytases (increasing the pool of available phospho-
rus in the system) and microorganisms controlling
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pathogens; therefore, to better understand the trans-
formations of phosphorus in the IMTA systems, fur-
ther experiments should be conducted that also take
the microbiological aspect of the system into account.

Aerobic conditions play a decisive role in processes
related to the transformation of biogenic compounds.
Improvements in aquaponic systems can be achieved
by introducing other microorganisms into the system.
Fang et al. (2017) proposed introducing microalgae
into the biological filter to increase NUE by 13.8 %,
increase dissolved oxygen and reduce nitrogen
losses associated with N,O emissions. Moreover,
microalgae can use the CO, produced by the bacte-
ria, and they also contribute to a reduction in ammo-
nium nitrogen in the water (Gilles et al. 2014). If
there is an excessive accumulation of algae in the
system, the microalgae can be a source of food for the
fish, which is an additional benefit of their introduc-
tion into the system. Improving oxygen conditions
through the use of microalgae can also contribute to
improving phosphorus metabolism in the system to
prevent loss of the forms of phosphorus available to
the plants. The proposed solutions are interesting
and promising and require further research.

4.2. Circulation of organic matter in
an IMTA system

Accumulation of organic matter (feed residue, fish
droppings, microorganisms developing in the system)
can adversely affect aquaponic systems. Some organic
matter is necessary because it ensures the constant
presence of nutrients in circulation (resulting from
mineralization of the organic matter), but an excess
can be harmful. Too much organic matter in the form
of sludge creates conditions for an anaerobic environ-
ment and thus for the development of anaerobic bac-
teria that decompose the organic matter, contributing
to the formation of carbon dioxide, ammonia or
methane, which are harmful to fish (Yep & Zheng
2019). Moreover, if sediment accumulates around the
roots of the cultivated plants, the resulting anaerobic
environment restricts penetration of oxygen into the
root system, which is necessary for the proper uptake
of nutrients by the plants (Yep & Zheng 2019). Anaer-
obic conditions can also contribute to the formation of
undesirable compounds such as geosmin and 2-
methylisoborneol produced by Streptomyces, for
which organic matter containing phosphorus provides
a desirable environment (Rurangwa & Verdegem
2015). Although these microorganisms are rarely
found in aquaponics systems, primarily due to the

aerobic conditions, the formation of compounds such
as geosmin and 2-methylisoborneol can occur when
there is a significant accumulation of organic sediment
(Yep & Zheng 2019).

The increase in organic matter was related to the
course of the experiment—along with the growth
and development of the fish, the system was en-
riched with organic substances, and dissolved oxy-
gen was consumed (Figs. 4A & 7). As mentioned ear-
lier, there was no depletion of oxygen in the system
at any time, so it should be assumed, based on Yep &
Zheng (2019), that no undesirable compounds such
as geosmin or 2-methylisoborneol were formed,
which confirms that these substances occur sporadi-
cally in aquaponic systems. The highest reduction of
organic matter occurred after the biological and
hydroponic filters, so it is most likely that in these fil-
ters, mineral forms of biogenic substances were re-
leased from the organic matter via biochemical pro-
cesses. Thus, it can be concluded that the amount of
organic matter found allowed for the constant pres-
ence of nutrients in circulation.

Depending on the manner of aquaponic breeding,
variable amounts of both organic nitrogen and orga-
nic phosphorus can be obtained (Rakocy 2012,
Rakocy et al. 2017, Yep & Zheng 2019). This does not
change the fact that the amount of organic matter
provided access to biogenic substances in the experi-
ment. Without the presence of the organic matter and
its mineralization, the aquaponic system would need
to be enriched with the nutrients necessary for plant
growth and development. Another important value of
the presence of organic matter is that the microor-
ganisms involved in its decomposition are antagonis-
tic to the pathogens of the plant root systems and thus
allow for healthy development of these systems (Yep
& Zheng 2019). Mineralization of organic matter oc-
curs throughout the entire system, whether in the
mechanical, biological or hydroponic filters. As men-
tioned earlier, organic phosphorus is also a source of
nutrients in aquaponic systems, and its reduction
from the system is the result of mineralization and
transformation into forms available to plants.

4.3. The calcium and magnesium cycle in
an IMTA system

In aquaponic systems, biogenic macro- and micro-
elements that may not be present in sufficient quan-
tities for proper plant growth and development are
calcium, potassium, magnesium and iron (Seawright
et al. 1998). Reared fish usually have minimal re-
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quirements for these elements, hence their amounts
are low in production feed. Calcium is important for
the proper growth and development of plants. It is
involved in the construction of cell walls, the perme-
ability of cell membranes and is an important ele-
ment in cell division. The availability of calcium also
makes plants more resistant to bacterial and fungal
infections (Liu et al. 2014). A deficit of calcium will
manifest in reduced plant growth or deformation of
the edges of young leaves (Maucieri et al. 2019). In
turn, magnesium is part of chlorophyll, and a symp-
tom of magnesium deficit is browning of the older
leaves (Maucieri et al. 2019). As mentioned earlier,
the primary source of all nutrients (including macro-
and microelements) in the aquaponic system is the
remains of feed and fish excrement. An ideal situa-
tion would be if all feed added to the system was con-
sumed by the fish. However, typically, part of the
feed supplied (less than 5 %) is not eaten by the fish
and becomes a source of nutrients in the system
(Yogev et al. 2016). The amount of feed left uneaten
in an aquaponic system can be estimated from the
FCR coefficient. Even a stable and relatively low
value of the FCR does not guarantee full utilization of
the feed, which makes it a source of all nutrients. The
chemical composition of fish faeces depends on the
fishes' diet, and it also affects the quality of the water
in circulation (Goddek et al. 2015). The retention of
nutrients such as macroelements in the system is
closely related to the species and size of the fish, the
method of feeding, the chemical composition of the
feed and the water temperature in the system
(Schneider et al. 2005). At higher temperatures, for
example, fish metabolism is accelerated, resulting in
a higher amount of nutrients in the form of dissolved
salts in fish faeces (Turcios & Papenbrock 2014). Ac-
cording to Rafiee & Saad (2005), fish consume an
average of 26.8 % of the calcium and 20.3% of the
magnesium available in the feed. The ionic forms of
the macroelements available to the plants are formed
by the mineralization of organic matter. However,
individual macroelements may interact with each
other and form insoluble forms that are not available
to the plants. The balance between the available and
unavailable macroelements is determined by the pH
of the water. A well-known process in aquaponic sys-
tems is the precipitation of calcium in the form of
Ca3(P0O4),, CaHPO, and CaCOj3;, as mentioned ear-
lier (Peng et al. 2018). We assumed that the decrease
in the concentration of calcium available for plant
growth during our experiment was caused by the for-
mation of insoluble salts. In the first phase, insoluble
salts were formed from a combination of calcium and

orthophosphates (Fig. 8). In the next phase, calcium
bicarbonates could also be formed. Similar depen-
dencies were described also by Cerozi & Fitzsim-
mons (2017). Calcium is more readily absorbed by
plants at pH > 7 (Lennard & Goddek 2019). Consider-
ing that pH was kept above 7 during our experiment,
it can be assumed that the pH of the water caused
proper absorption of calcium by the plants. Villarroel
et al. (2011) reported that in aquaponic cultures,
magnesium concentration is about 4.0 mg dm=,
while the optimal magnesium concentration for
proper plant growth ranges from 20-50 mg dm™
(Sonneveld & Voogt 2009). Over the entire experi-
mental cycle, magnesium concentrations signifi-
cantly exceeded the level observed by Villarroel et
al. (2011), so it was available in sufficient quantity for
plant development. As in the case of calcium, better
assimilation of magnesium occurs at pH > 7, so in this
case, the water pH caused proper absorption of mag-
nesium by the plants. As presented in Villarroel et al.
(2011), magnesium, similarly to calcium, can also be
removed from circulation in the form of magnesium
bicarbonates. In the present study, after the concen-
tration of calcium ions had decreased, magnesium
bicarbonates could be precipitated; however, this
process did not significantly affect the availability of
magnesium for plants, as during the whole experi-
ment the concentration of magnesium ions was
above 50 mg dm™,

5. CONCLUSIONS

The basic forms of orthophosphates in the IMTA
system were H,PO,~ and HPO,%". A higher level of
reactive phosphorus, which occurred over the course
of the experiment, may have contributed to a de-
crease in calcium ion concentration due to the forma-
tion of Casz(PO,), or CaHPO,, and thus inactivated
part of the phosphorus available to the plants. Phos-
phorus may have been inactivated in the sediment
due to the formation of Mg;(POy), and MgHPO, in
the second phase of the experiment. The water pH
was maintained at 6.90-8.18, ensuring the efficiency
of biochemical processes in the system and the proper
use of nutrients by the plants. These conditions were
also suitable for carp breeding. The amount of
organic matter gradually increased throughout the
experiment, reaching a maximum of 204 mgO, dm™
at the and of the experiment. Mineralization of
organic matter took place under aerobic conditions.
Organic matter was a source of biogenic substances
in the IMTA. The range of general alkalinity and the



Térz et al.: Transformation of phosphorus in IMTA 13

observed bicarbonate concentrations suggest that
the decrease in calcium ion concentrations was also
caused by the formation of CaCO3; and Ca(HCOj),.
Magnesium ions did not show such a significant
affinity for bicarbonate ions. Concentrations of cal-
cium and magnesium ions were maintained at an
optimal level for proper plant growth.

This experiment showed that achieving stable con-
ditions in the aquaponic cycle and in the balance be-
tween the concentrations of individual parameters
increases the availability of reactive phosphorus,
which can be better absorbed by plants. Our experi-
ment also showed that the selected method of plant
breeding has an impact on the transformation of
phosphorus in the aquaponic systems.
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