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Abstract: Organic residues, as a nutrient source suitable of producing solutions for hydroponic crop
production, have the potential to reduce the dependence on mineral fertilizers. Especially in remote
and resource-constrained regions, organic residues might be the only option to produce hydroponic
nutrient solutions. However, nutrient solutions made from organic residues, called bioponic solutions,
are usually unbalanced in their nutrient composition, which leads to deficiencies and poor plant
growth. This study aimed to experimentally develop a low-tech approach to produce bioponic stock
solutions rich in NO3

−, P, and K, to create a balanced bioponic solution. The mixed bioponic solution
contained 58 mg L−1 NH4

+-N, 43 mg L−1 NO3
−-N, 50 mg L−1 PO4

3−-P, and 246 mg L−1 K+. This
approach resulted in satisfactory levels of P, K and micronutrients. The solution was tested pure and
spiked with Ca(NO3)2 on lettuce in comparison with a mineral Hoagland nutrient solution. Neither
the bioponic nor the spiked bioponic solution achieved comparable lettuce yields to the Hoagland
solution. The poor growth of the plants in the bioponic solution was attributed to an unfavorable
NH4

+:NO3
− ratio, high microorganism load, and elevated pH levels. However, the approach of

preparing bioponic stock solutions could be promising for future research into the production of
balanced bioponic nutrient solutions from organic residues.

Keywords: bioponics; hydroponics; soilless agriculture; organic residue reuse; plant nutrition

1. Introduction

Hydroponics, a soilless cultivation method, has the potential to improve food secu-
rity in remote environments where rainfed agriculture is at high risk, such as drylands.
Drylands cover about 35% of the earth’s land surface and are home to 20% of the world’s
population [1]. With their semi-arid to arid climate [1], drylands are less suitable for
horticulture and pastoralism is the main form of land use [2]. The use of hydroponics
in these regions could make a decisive contribution to diversifying the predominantly
meat-based diet [3,4], and thus to food security. However, mineral fertilizers, required to
produce hydroponic nutrient solutions, are usually difficult to obtain in remote areas [5,6].
Therefore, nutrient solutions derived from locally available organic residues (bioponics)
would be particularly interesting. This interest is reflected in the World Food Programme’s
H2Grow initiative, which aims to make the potential of hydroponics accessible to a wider
range of crop producers via low-tech approaches [7].

In previous studies, animal manure [8–11], household waste [12], and plant
residues [13,14] were used to produce bioponic solutions with varying levels of success.
Thus, the challenge still evident in producing bioponic solutions is to mineralize the nu-
trients bound in the organic matter into soluble, plant-available forms, and provide all
essential nutrients, balanced well for optimal plant growth. The most commonly ap-
plied methods to produce bioponic solutions are the aerobic [11,15–17] and anaerobic
digestion [9,10,14] of organic matter in an aqueous solution.
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Anaerobic digestion results in the partial gasification, liquefaction, and mineralization
of organic material, while CH4 and CO2 are released, leaving behind stable organic residues
and a nutrient-rich digestate [18]. Several studies investigated the suitability of such diges-
tate as a liquid fertilizer for hydroponics. Liedl et al. (2004) [10] used anaerobic chicken
manure digestate to cultivate lettuce using a nutrient film technique. They compared
different dilutions of the digestate and achieved the best results at a digestate dilution
to a concentration of 100 mg L−1 total N. In two out of four trials, the harvested shoot
fresh mass did not differ significantly from the mineral control solution [10]. Similarly,
Krishnasamy et al. (2012) [9] tested different dilutions of food and vegetable waste diges-
tate on the growth of silverbeet in deep water culture. The bioponic solution yielded only
up to 8% of fresh mass of the mineral control. In both studies, the reduced plant growth
in bioponic solutions was associated with phytotoxic NH4

+ concentrations, low NO3
−

availability, low dissolved oxygen concentrations, high chemical oxygen demand, high
pH, and phytotoxic compounds [9,10]. These findings are in line with other studies that
emphasize the need for diluted digestate as a bioponic solution to reduce phytotoxic effects,
even though it comes at the expense of nutrient concentration [14,19].

In aerobic digestion, organic material is oxidized by heterotrophic or autotrophic
microorganisms [20]. In this process, nitrifying bacteria transform NH4

+ into NO3
−, thus

minimizing toxic effects of excessive NH4
+. Accordingly, Shinohara et al. (2011) [16]

were able to nitrify all NH4
+ in an aerated aqueous solution containing soluble fish-based

fertilizer. Further, the combination of anaerobic digestion for mineralization and a subse-
quent aerobic treatment for nitrification has been investigated in several studies [8,12,21,22].
However, problems such as phytotoxicity, high pH, and low and imbalanced nutrient con-
centrations, causing poor plant growth, also occurred regularly with aerobically produced
bioponic solutions [8,11,12,21,22].

By processing individual substrates in separate reactors, the present study aimed
to create bioponic stock solutions rich in either NO3

−, P, or K to address the problem of
imbalanced nutrient concentrations in bioponic solutions. Those bioponic stock solutions
were mixed in the optimal ratio to create a balanced bioponic solution. The study intends
to contribute to the advancement of bioponics, in particular for applications, to promote
food security in resource-constrained regions.

2. Materials and Methods
2.1. Production of Bioponic Stock Solutions

The experiment was conducted at the facilities of Fraunhofer IGB Stuttgart.
As the raw material for the bioponic solutions, nutrient-rich organic waste that could

not be directly used as food or feed was selected. Thus, to produce bioponic stock solutions,
blood meal, bone meal, and potato peel were selected as N, P, and K-rich organic residues,
respectively. The careful blend of these was intended to produce a nutrient-balanced solu-
tion. Potato peel (Sautter potato processing, Bondorf, Germany) was dried at 110 ◦C for
48 h and ground to a powder using the Grindomix GM 200 (Retsch, Haan, Germany) with
8000 rpm for 30 s. Blood meal and bone meal (Beckmann & Brehm, Beckeln, Germany) were
not further processed before digestion. N was analyzed using the Kjeldahl method [23] with
the digestion apparatus K20-Behrotest (Behr laboratory technology, Düsseldorf, Germany)
and the Vapodest 45s (Gerhardt analytical systems, Königswinter, Germany) for distilla-
tion. For P analysis, the organic residues were digested in the microwave [24], using the
ETHOS.lab microwave (mws laboratory solutions, Leutkirch im Allgäu, Germany). The
digestate was analyzed for PO4

3−-P using a Continuous Flow Analysis system (Alliance
instruments, Salzburg, Austria). A hot water extract [25] was analyzed for K+ using the
Jenway PFP7 flame photometer (Cole-Parmer, East Soccon, UK). The potato peel was only
analyzed for K concentration with the same method (Table 1).
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Table 1. Selected organic residues and their N, P, and K content in percentage of dry mass (DM) and
their DM in percentage of fresh mass (FM).

Organic
Residue N P K DM

[% DM] [% FM]

Blood meal 15.5 ± 0.0 0.2 ± 0.0 0.6 ± 0.1 92.1 ± 0.2
Bone meal 7.0 ± 1.3 20.1 ± 0.3 0.0 ± 0.0 95.2 ± 0.1
Potato peel / / 2.4 ± 0.0 13.2 ± 0.2

Each residue was processed in an individual 60 L HD polyethylene barrel with a
screw-on lid as anaerobic digester. Anaerobic conditions for the digestion of blood meal,
bone meal, and potato peel were created by sealing the reactors with a screwable lid and
installing a gas wash bottle, allowing forming gas to escape.

A two-step process was used to produce the bioponic NO3
− stock solution. The

first step was the production of an NH4
+ rich digestate from blood meal. In a first run,

370 g fresh mass blood meal and 225 g compost, as a source of microorganisms (Compost
Plant Kirchheim, Kirchheim unter Teck, Germany), were anaerobically digested in 45 L of
deionized water. Compost and blood meal were added in four 145-micron Baven mash
bags also containing disinfected stones to prevent floating. To minimize NH3 losses, the pH
was lowered to 6.0 by the manual addition of acetic acid when the pH increased above 7.
Every third day, 1.5 g glucose per liter was added as readily available feed for heterotrophic
anaerobic microorganisms. This first run lasted for 69 days and was designed to test the
suitability of blood meal in releasing NH4

+ under the mentioned conditions. On the last
day of experiment, the organic residues were removed from the reactor and the second run
was started. The barrel and mash bags of the first run were re-used. No new compost was
added; otherwise, the same procedure as the first run was followed for 54 days. Based on
the addition of compost and blood meal and their nutrient concentrations (Table 1, data
from the composting plant [26]), a maximum NH4

+-N yield of 1251 mg L−1 in the first run
and 1174 mg L−1 in the second run was to be expected.

In the second step the NH4
+-rich digestate was gradually transferred into an aerated

moving bed biofilm reactor (MBBR) [27] for nitrification. The reactor was started on day
84 of the experiment by mixing 10 L desalinated water and 10 L activated sewage sludge
(Teaching and Research Sewage Treatment Plant of the University of Stuttgart, Stuttgart,
Germany). For an increased surface area, 1400 g of biofilters Kaldnes K1 (AnoxKaldnes
K1-0.95 MBBR, Aquacultur Fischtechnik GmbH, Nienburg, Germany), were added to the
reactor. Every third day, 180 g of glucose was added. The temperature was maintained
at 30 ◦C and dissolved oxygen was kept between 4.5 and 5.5 mg L−1 by four 13 cm Ø
Pondlife aeration plates (Thodi UG, 64319 Pfungstadt, Germany) connected to an air pump.
The dissolved oxygen was monitored using the LDO HQ-10 O2 oxygen meter (Hach
Lange, Düsseldorf, Germany). To minimize NH3 losses, the CLM253-ID0010 conductivity
transmitter LIQUISYS-M (Endress+Hauser, Weil am Rhein, Germany) lowered the pH to
6.7 by adding acetic acid if the pH exceeded 7.6. The MBBR ran under these conditions for
21 days with the objective of developing a bacterial community capable of nitrifying the
added N loads. On 16 days between day of experiment 105 and 123 one liter of blood meal
digestate was fed to the MBBR to produce the bioponic NO3

− stock solution.
For producing the P bioponic stock solution, 195 g fresh mass bone meal was digested

anaerobically in 45 L deionized water for 123 days. The pH of the digestate was manually
lowered to 4.5 if it exceeded 5.5 by adding acetic acid. Below a pH of 5.5 the main component
of bones, hydroxyapatite Ca5(PO4)3(OH), dissolves to a greater extent [28,29], and plant-
available PO4

3− is released. The temperature within the reactor was maintained at 30 ◦C.
A maximum of 829 mg L−1 PO4

3−-P could theoretically be mobilized from the bone meal.
The bioponic K stock solution was produced by the anaerobic digestion of 3642 g

potato peel powder in 30 L deionized water for 123 days. A total of 1992 g of the powder
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was added on the day 0 of the experiment, 910 g on day 24 of the experiment, and 740 g on
day 84 of the experiment. A maximum of 2889 mg L−1 K+ could be mobilized from the
potato peel.

On day 123, the remaining organic residues were removed, and the solutions were
subsequently centrifuged at 7500 rpm for ten minutes (Beckman-coulter avanti j-26 xp,
Krefeld, Germany) and filtered using 185 mm pleated filters. All stock solutions were
stored at room temperature. The P and K stock solutions were stored in closed barrels,
while the NO3

− stock solution was aerated to maintain adequate dissolved oxygen levels
for the nitrifying microorganisms until used in the hydroponic experiment.

The pH as well as dissolved oxygen was measured, and samples of the digestates were
taken every third day for the first twelve days of the experiment. Consequently, samples
were taken every twelfth day. The second blood meal digestion run was sampled every
twelfth day and the MBBR solution every sixth day from the moment the transfer of blood
meal digestate was carried out.

The samples were analyzed for NH4
+ in the blood meal digestate, PO4

3− in bone meal
digestate, K+ in potato peel digestate, and NH4

+, NO2
−, and NO3

− in the MBBR solution
using LCK cuvette tests (Hach-Lange, Düsseldorf, Germany).

Samples of each solution from day 123 of the experiment were analyzed for NH4
+,

NO3
− and PO4

3− using Continuous Flow analysis and for K+ and Na+ using a flame
photometer (Cole-Parmer Jenway PFP7, East Soccon, UK). Furthermore, these samples
were analyzed at the core facility of the University of Hohenheim for magnesium, sulfate,
iron, manganese, copper, zinc, molybdenum, and boron by ICP-OES. At each sampling
time, three samples were taken from the respective reactor and analyzed.

2.2. Testing the Bioponic Solution on Lettuce

The bioponic solution was tested on lettuce (Lactuca sativa L. var. Hawking) in a
deep water culture system at the University of Hohenheim in a climate chamber (CLF
PlantClimatics E-75L1, Wertingen, Germany), with 12 h of light, a temperature ranging
between 20–22 ◦C and a relative humidity between 55–65%. The system consisted of twelve
one-liter polyethylene containers, sealed with a detachable lid. A polystyrene sponge
inserted in a hole in the center of each lid held the plants. The buckets were filled with 1 L
of the respective nutrient solution and aerated via flexible hoses connected to an air pump
for 45 min h−1.

Lettuce seeds of the variety Salanova Hawking (Rijk Zwaan GmbH, Welver, Germany)
were germinated in moist quartz sand and grown for 22 days before transplanted into
the containers. For the first seven days, after transplanting, the seedlings were grown
in a diluted Hoagland solution (25%) [30], the following seven days in a 75% Hoagland
solution, and the last ten days with undiluted Hoagland solution. After this initial phase,
the bioponic solution, mixed from the bioponic NO3

−, P, and K stock solutions, was tested
against a control of undiluted Hoagland as mineral solution. The mixing ratio of the
bioponic solution was based on the mean concentrations of different hydroponic nutrient
solutions (Table 2). Additionally, a solution was tested, consisting of the bioponic P and
K stock solutions and spiked with Ca(NO3)2. The spiked bioponic solution had the same
NO3

−-N concentration as the Hoagland control. The pH of each renewed solution was
adjusted to 6.0 with acetic acid. Each treatment was tested with four replications for 25 days.

To compensate for potential nutrient deficiencies in the bioponic solution, all nutrient
solutions were replaced twice a week, alternately, after three or four days. For this purpose,
the nutrient solutions were re-mixed from the respective stock solutions. The Electrical
Conductivity (EC) was measured with a AP2 EC meter (HM Digital, Carson, CA, USA). At
each nutrient solution replacement, the fresh mass of the plants was determined.
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Table 2. Nutrient concentrations of well-established hydroponic solutions, suitable for vegetative growth (Adapted from [31]).

Macronutrients Micronutrients

References NH4
+-N NO3−-N PO43−-P K Ca Mg S B Fe Zn Cu Mn Mo

mg L−1 mg L−1

Jones and Shive (1921) [31] 39 204 65 102 292 172 227 / 0.80 / / / /
Hoagland and Arnon

(1938) [32] 14 196 31 234 160 48 64 0.50 0.60 0.05 0.02 0.50 0.01

Withrow (1948) [33] A 28 70 63 390 200 96 607 0.50 2.00 0.05 0.02 0.30 /
B 28 140 63 390 200 96 447 0.50 1.00 0.05 0.02 0.30 /
C 14 224 63 390 120 96 64 0.50 1.00 0.05 0.02 0.30 /

Schwarz (1968) [34] A 15 196 31 234 160 48 64 / / / / / /
B 20 126 71 90 180 55 96 / / / / / /
C 33 93 37 209 131 22 30 0.46 1.70 0.09 0.04 0.80 0.03
D 33 135 37 209 146 22 30 0.46 1.70 0.09 0.04 0.80 0.03
E 33 177 37 209 146 22 30 0.46 1.70 0.09 0.04 0.80 0.03

Range 14–39 70–224 31–71 90–390 120–292 22–172 30–607 0.46–0.50 0.60–2.00 0.05–0.09 0.02–0.04 0.30–0.80 0.01–0.03
Means 26 156 50 246 174 68 166 0.48 1.31 0.07 0.03 0.54 0.03
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Weekly, three samples of the fresh bioponic and spiked bioponic nutrient solution
were taken to determine the exact mass of added nutrients. The samples were stored at
4 ◦C for two months and analyzed for NH4

+, NO3
−, PO4

3−, and K+ via Continuous Flow
analysis and the flame photometer.

At the final harvest, shoots and roots of each plant were separated, and the fresh and
dry mass determined. The dried, finely ground shoots were analyzed at the core facility
of the University of Hohenheim for C, N, P, K, Ca, Mg, S, Fe, B, Zn, Mn, Mo, and Cu
using ICP-OES.

Three samples were taken of each remaining NO3
−, P, and K bioponic stock solution

and were analyzed along with the samples taken during cultivation.

2.3. Statistical Analyses

Graphs were plotted using SigmaPlot 12.5 2011 Systat Software Inc. (San Jose, CA,
USA). The harvested plant yield was analyzed using a one-way ANOVA followed by
pairwise t-tests with Bonferroni correction. The results of the elemental analysis of the
plants were analyzed using the non-parametric Kruskal–Wallis test followed by Dunn’s
test with Bonferroni correction. A linear regression analysis was performed on the PO4

3−-P
mobilized from bone meal versus the day of experiment. R-Studio 2022.12.0 Build 353, Posit
Software, PBC (Boston, MA, USA) was used for the statistical analysis with a significance
level of p ≤ 0.05.

3. Results
3.1. Preparation of Bioponic Stock Solutions

The anaerobic digestion of blood meal proved efficient and resulted in high NH4
+

concentrations. In the first run, the highest NH4
+-N concentration, with 1126 ± 7.8 mg L−1

on day 48 of the experiment, exceeded the value of 1000 mg L−1 (Figure 1), corresponding
to a mineralization of 90% of the total N contained in the blood meal and compost into
NH4

+-N. In the second run, the NH4
+-N concentration exceeded 1000 mg L−1 after only

24 days on day 93 of the experiment (Figure 1). The highest concentration in this run was
measured after 54 days (day of experiment 123), at the end of the experiment. At this point
in time 98% of the total added N were mineralized, resulting in an NH4

+-N concentration
of 1156 ± 3.3 mg L−1.
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The concentration of NO3
− did not increase notably during the first twelve days after

transferring blood meal digestate into the MBBR (Figure 2). Only towards the last day of
the experiment did NO3

− increase strongly compared to the starting concentration on day
105, from 43.8 mg L−1 to 68.9 ± 0.3 mg L−1.
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Based on the NH4
+-N concentrations measured in the anaerobic digestate of blood

meal on days 105, 117, and 123 of the experiment (Figure 1), a total of 17,632 mg NH4
+-N

was transferred to the MBBR. The increase in the NO3
−-N concentration in the MBBR

indicated a nitrification of 876 mg of NH4
+-N at the given volume, corresponding to a

conversion of 5% of the added NH4
+-N. As can be clearly seen in Figure 2, NH4

+ was first
converted to NO2

− and then to NO3
−, resulting in a bell-shaped curve for NO2

−.
The anaerobic digestion of bone meal mineralized the contained P into PO4

3−-P almost
linearly over the 123-day experimental period (Figure 3). A linear regression analysis of the
PO4

3−-P data confirmed a significant correlation between the days of the experiment and
the concentration of PO4

3−-P (p < 0.001), with an R2 = 0.968. The highest concentration of
166.0 ± 2.9 mg L−1 PO4

3−-P corresponding to a total P mineralization rate of 19.7% was
measured on the last day of the experiment (Figure 3).
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Figure 3. PO4
3−-P concentration in the P stock solution produced by anaerobic digestion of bone

meal with linear regression line of PO4
3−-P versus day of experiment (R2 = 0.968, p < 0.001) (left). K+

concentration in the K stock solution, produced by anaerobic digestion of potato peel (right). Values
are mean values of three pseudoreplications. Error bars are standard deviations (not shown if smaller
than the symbol).

The addition of potato peel powder on days 0, 24, and 84 of the experiment was re-
flected in sharp increases in the K+ concentrations during the anaerobic digestion (Figure 3).
The highest K+ concentration of 2520 ± 20 mg L−1 was measured on day 123 of the
experiment, which corresponded to a mineralization rate of 87% of the potato peel K.
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Table 3 shows the elementary analysis for each bioponic stock solution and the blood
meal digestate on day 123 of the experiment. NH4

+ showed by far the highest nutrient
concentration in the blood meal digestate (Table 3).

Table 3. Nutrient concentrations of digested blood meal (BM), the bioponic P and K stock solutions,
all three produced by anaerobic digestion, and of the bioponic NO3

− stock solution, produced using a
moving bed biofilm reactor. Values are mean values ± standard deviation of three pseudoreplications.

Nutrient BM Digestate NO3− Solution P Solution K Solution

[mg L−1]

NH4
+-N 1155.9 ± 3.3 30.3 ± 0.4 105.9 ± 1.4 97.4 ± 2.2

NO3
−-N 0.9 ± 0.1 68.9 ± 1.3 0.3 ± 0.1 0.3 ± 0.1

PO4
3−-P 2.5 ± 0.0 0.0 ± 0.0 166.0 ± 2.9 8.6 ± 0.2

K 86.4 ± 0.0 47.9 ± 0.0 36.0 ± 3.1 2520.0 ± 20.4
Ca 180.5 ± 0.5 77.2 ± 0.2 429.5 ± 0.5 27.3 ± 1.9
Mg 81.1 ± 0.1 11.9 ± 0.2 15.4 ± 0.0 130.5 ± 5.5
S 7.4 ± 0.3 3.9 ± 0.2 3.7 ± 0.0 82.8 ± 4.7
B 0.50 ± 0.0 0.41 ± 0.0 0.48 ± 0.0 1.29 ± 0.2
Fe 4.94 ± 0.2 0.52 ± 0.0 4.05 ± 0.0 62.80 ± 2.7
Zn 0.90 ± 0.0 0.79 ± 0.0 0.87 ± 0.0 2.10 ± 0.1
Cu 0.00 ± 0.0 0.12 ± 0.0 0.01 ± 0.0 0.01 ± 0.0
Mn 0.30 ± 0.0 0.78 ± 0.0 0.24 ± 0.0 1.56 ± 0.0
Mo 0.01 ± 0.0 0.01 ± 0.0 0.00 ± 0.0 0.10 ± 0.0
Na 25.30 ± 1.2 21.70 ± 0.5 19.70 ± 0.9 11.00 ± 2.8

In the NO3
− stock solution, for which high NO3

− concentrations were targeted, a
slightly higher Ca concentration than NO3

−-N concentration was measured (Table 3). The
NH4

+-N concentration in the NO3
− stock solution was also high, with 44% of the NO3

−-N
concentration.

High concentrations of PO4
3−-P, Ca, and NH4

+-N were measured in the P solution
(Table 3).

The bioponic K stock solution had the highest nutrient concentration of the targeted
nutrient (Table 3). In addition, high Mg, S, Fe and Zn concentrations were measured in the
K stock solution compared to the other produced solutions.

All essential nutrients were present in at least one of the stock solutions. Na was
highest in the blood meal digestate, with 25.3 ± 1.2 mg L−1 (Table 3).

3.1.1. Mixing Ratio of Bioponic Stock Solutions

Targeted on the mean values of the nutrient concentrations in the mineral nutrient
solutions shown in Table 2, the mixing ratios of the stock solutions followed their nutrient
concentrations (Table 3) to obtain NH4

+-N, NO3
−-N, PO4

3−-P and K+ concentrations that
were as similar as possible. The resulting mixing ratio equated to 621.3 mL NO3

− stock
solution, 297.0 mL P stock solution, and 81.7 mL of the K stock solution per liter of bioponic
solution. The resulting concentrations were 58.2 ± 0.6 mg L−1 NH4

+-N, 42.9 ± 1.0 mg L−1

NO3
−-N, 50.0 ± 1.1 mg L−1 PO4

3−-P, and 246.3 ± 4.2 mg L−1 K+ (Figure 4). Thus, the
PO4

3−-P and K+ concentrations were perfectly in line with the target values, whereas
the NH4

+-N concentration exceeded the target value by a factor of 2.24 and the NO3
−-N

concentration only reached a factor of 0.28 of the target value.
The NH4

+:NO3
− ratio of 1.4:1 of the final solution was thus below optimal compared

to the recommended ratio of 1:3 for lettuce in closed hydroponics [32]. The concentra-
tions of Ca, B, Zn, Mg, Mn and Mo of the bioponic solution were within the range of
the reference table, whereas the concentrations of Cu and Fe were above and S below
the range. The bioponic solution had a Na+ concentration of 20.2 ± 0.6 mg L−1 (see
Supplementary Materials, Table S1).
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Due to the unfavorable NH4
+:NO3

− ratio, a spiked bioponic solution was prepared
in addition. It was mixed from 297.0 mL P stock solution and 93.5 mL K stock solution
and brought to a NO3

−-N concentration with Ca(NO3)2 solution that corresponded to
that in the Hoagland control solution (196.0 mg L−1 NO3

−-N). The solution was made
up to 1 L with demineralized water. The use of Ca(NO3)2 led to a more than doubling of
the Ca concentration in the spiked bioponic solution compared to the Hoagland control
(Figure 4) and the referenced nutrient solutions (Table 2). In the spiked bioponic solution,
fewer nutrient concentrations met the range of the reference table. While Fe and Zn had
higher concentrations, Mg, S, B, Cu, and Mn were below the range.

3.1.2. Nutrient Solution Stability

A massive loss of NH4
+ and NO3

− was observed during the storage of the stock
solutions, whereas further PO4

3− became available (Table 4). The concentration of K+ in
the K stock solution remained comparatively stable, decreasing by only 0.5% over the
35-day period between the analysis conducted before (Table 3) and after the hydroponic
experiment (Table 4).

Table 4. Analysis of the bioponic stock solutions after the end of the hydroponic experiment. Values
are mean values ± standard deviation of three pseudoreplications. ∆ represents percentual changes
in the nutrient concentrations of the bioponic stock solutions from the start of storage (Table 3) to the
end of the hydroponic experiment (35 days).

Nutrients NO3−-Solution P-Solution K-Solution

mg L−1 ∆ mg L−1 ∆ mg L−1 ∆

NH4
+-N 2.7 ± 0.0 −91.1% 75.8 ± 1.1 −28.4% 101.5 ± 2.7 4.2%

NO3
−-N 7.4 ± 0.1 −89.3% 0.2 ± 0.0 −33.3% 0.3 ± 0.0 0.0%

PO4
3−-P 0.1 ± 0.0 0.0% 193.6 ± 2.5 16.6% 6.4 ± 0.1 −25.6%

K 37.6 ± 0.1 −21.5% 39.8 ± 1.7 10.6% 2507.8 ± 27.8 −0.5%

3.2. Testing of the Hoagland, Bioponic and Spiked Bioponic Solutions on Lettuce

The fresh mass of the plants grown in the Hoagland solution increased faster than those
grown in bioponic or spiked bioponic solution (Figure 5). The fresh mass at harvest was
190.5 ± 13.4 g for the plants grown in Hoagland, 67.0 ± 10.5 g in bioponic and 89.8 ± 16.0 g
in spiked bioponic solution. Thus, the fresh mass of the plants grown in bioponic solution
was only 35%, and when grown in the spiked bioponic solution 47% of the plants grown in
Hoagland solution.
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Figure 5. Mean fresh plant mass (n = 4) development, consisting of shoots and roots, of the lettuce
plants (left) and mean lettuce head fresh mass (n = 4) harvested after 25 days (right) grown in different
nutrient solutions. Error bars are standard deviations. Significant differences between treatments for
the heads by the ANOVA (F (2,9) = 183; p < 0.001) are indicated by different letters.

This difference was even more pronounced when only the harvested fresh lettuce
heads were considered. The heads of plants grown in bioponic (p < 0.001) and spiked
bioponic solution (p < 0.001) weighed significantly less than those grown in the Hoagland
solution, with only 21% and 36%, respectively (Figure 5).

The low proportion of shoot mass was also evident in the high root to shoot ratio of
0.95 ± 0.08 and 0.56 ± 0.15 in the bioponic and spiked bioponic solutions, respectively.
In contrast, the root to shoot ratio of the plants grown in the Hoagland solution was
0.10 ± 0.01.

The concentration of most anions and cations in the shoots of the plants grown
in the bioponic and spiked bioponic solutions was lower than in plants grown in the
Hoagland solution (Table 5). The plants grown in the bioponic solution showed signifi-
cantly lower nutrient concentrations for N (p = 0.018) and Mg (p = 0.018), and the plants
grown in spiked bioponic solutions showed significantly lower nutrient concentrations in
P (p = 0.018), Fe (p = 0.024), Zn (p = 0.010), and Mo (p = 0.018), compared to those grown in
the Hoagland solution.

Table 5. Nutrient concentration in shoot dry matter of lettuce grown for 25 days in either Hoagland,
bioponic, or spiked bioponic solution. Values are mean values ± standard deviation of four replicates.
Significant differences between treatments are indicated by different letters (p ≤ 0.05).

Element Hoagland Bioponic Spiked Bioponic

[g kg−1]

C 400.2 ± 4.3b 420.2 ± 2.6a 409.8 ± 4.4ab
N 49.5 ± 1.2a 33.9 ± 5.0b 40.4 ± 7.6ab
P 8.3 ± 0.7a 4.9 ± 0.7ab 4.4 ± 0.5b
K 49.8 ± 4.1a 44.4 ± 2.2a 55.0 ± 10.5a
Ca 13.2 ± 1.4a 8.5 ± 1.4a 12.6 ± 1.5a
Mg 2.9 ± 0.1a 1.7 ± 0.1b 1.8 ± 0.3ab
S 2.7 ± 0.1a 1.8 ± 0.4a 1.8 ± 0.2a

[mg kg−1]

B 27.8 ± 3.0a 22.1 ± 2.8a 28.1 ± 4.9a
Fe 80.3 ± 9.6a 83.2 ± 34.6ab 57.3 ± 5.6b
Zn 33.6 ± 5.7a 22.9 ± 4.7ab 18.4 ± 0.8b
Cu 4.5 ± 0.6a 5.7 ± 1.8a 4.2 ± 0.8a
Mn 21.2 ± 1.0a 22.7 ± 6.5a 16.8 ± 4.9a
Mo 10.9 ± 1.7a 7.6 ± 0.4ab 7.4 ± 1.1b
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The concentration of NH4
+-N in the fresh bioponic solutions added to the hydroponic

system during the last solution exchange was just under 30 mg L−1 (Figure 6a,b).
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bars are standard deviations (not shown if smaller than the symbol).

In both fresh bioponic solutions, the PO4
3− contained decreased, while only in the

spiked bioponic solution was almost no PO4
3− added towards the end (Figure 6a,b). K in

the fresh bioponic solutions remained most constant throughout the experiment.
The EC value of the fresh Hoagland solution was around 2 mS cm−1. With a maximum

of 2.9 mS cm−1 in the fresh spiked bioponic and 3.7 mS cm−1 in the bioponic solution, the
EC in these solutions was higher, even if it fell slightly over the course of the experiment
(Figure 6c).

The pH values of the exchanged solutions were lower in the Hoagland solution (4–5)
than in the two bioponic solutions, where they had risen sharply to 8-9 from the initially
set pH value of 6 (Figure 7), suggesting a low nutrient availability for the plants.
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Plant Development

Just one day after the lettuce plants were exposed to the bioponic solutions, the leaves
showed a loss in turgor, and the older ones were especially affected. After one week, those
leaves showed necrotic brown spots on their tips. However, the plants in both bioponic
solutions developed new leaves thereafter.

In contrast to the roots grown in Hoagland solution, the roots grown in either bioponic
solution were long and thin, brown, and covered with a thick dark biofilm (Figure 8). In
both bioponic solutions, parts of the roots dissolved during the exchange of the solution.
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4. Discussion
4.1. Bioponic Stock Solution of N, P and K

Different source materials were used to produce stock solutions of the three major
nutrients N (blood meal), P (bone meal), and K (dried potato peel) for the bioponic solutions
with varying success.

As a source for N, we showed that digesting blood meal was highly efficient as indi-
cated by the high rates of mineralization into NH4

+-N in both runs (90% and 98%) (Figure 1).
The faster mineralization in the second run may have been due to an established anaerobic
community of microorganisms that developed during the first run. Reusing the barrel and
mash bags from the first run may also have contributed to a faster development of the rele-
vant community of microorganisms through indirect inoculation. Compost, as a source of
anaerobic microorganisms, could have delayed the mineralization in the first run since com-
post contains only a few anaerobic species of microorganisms. A source containing more
anaerobic microorganisms, such as animal manures [33] or sewage sludge from anaerobic
waste water treatment [34], should therefore be preferred for rapid N mineralization.

Nonetheless, the high mineralization rate of N into NH4
+ during both runs indicates

an efficient ammonifying community of microorganisms.
Lazicki et al. (2020) [35] examined different organic fertilizers, among them blood

meal, on their N mineralization rate in a soil incubation experiment. After 84 days, over
70% of the N initially added through blood meal was mineralized, which they attributed
to the low C:N ratio of blood meal of approximately 3.5. Other organic materials with
higher C:N ratios led to the immobilization of N through microorganisms proliferating
more rapidly due to the high C content, ultimately resulting in lower mineralization rates.
Calderón et al. (2005) [36] and Gale et al. (2006) [37] reported the immobilization of N by
microorganisms at C:N ratios higher than 15. In the present study, adding glucose and
acetic acid had no adverse effect on the mineralization rate. Whether a smaller amount of
glucose to feed the heterotrophic microorganisms would have been sufficient, has yet to be
clarified. We were able to show that anaerobic digestion is well suited to mineralize blood
meal-N into NH4

+ and provide a digestate rich in NH4
+.

However, we were not able to fully exploit the potential of blood meal as a source
of N for bioponic solutions, as only 5% of the NH4

+-N oxidized into NO3
−-N in the



Agriculture 2024, 14, 928 13 of 18

MBBR. Apparently, too few NO2
−-oxidizing bacteria were present in the MBBR; thus,

NO2
− accumulated. With the proliferation of NO2

−-oxidizing bacteria, NO2
− was directly

oxidized to NO3
−, resulting in a significant increase in NO3

− towards the end of the
experimental period. The dynamics of the N forms in the MBBR (Figure 2) resembled a
phenomenon known in aquaristics as the “new tank syndrome”. In a new environment,
bacteria that oxidize NH4

+ to NO2
− establish faster than NO2

−-oxidizing bacteria [38].
A more effective inoculation of biofilters in sewage sludge resulted in a nitrification rate
of 42% in the MBBR [21], and, using chicken and goat manure without inoculating the
biofilters, nitrification rates up to 81% were achieved using an MBBR by Szekely et al. [11].
Maybe targeting an entirely different population of microorganisms for the MBBR, such as
chemolithoautotrophic nitrifiers [9], could enhance the efficacy of mobilizing organic N for
bioponic solutions, since no additional source of C would be needed.

Ultimately, the NH4
+ and NO2

− concentrations found in the MBBR solution were low
(Figure 2), relative to the total amount of NH4

+ added from the blood meal digestate. Thus,
most likely, most of the NH4

+ was lost through NH3
− volatilization caused by a high pH

and aeration.
Bone meal as a source for P was not as effective as hoped, since even at a pH below

5.5 we observed mineralization rates into PO4
3−-P of less than 20% during anaerobic

digestion. However, the bone meal digestate had a high concentration of Ca (Table 3),
contributing to a well-balanced Ca concentration in the final bioponic solution (Figure 4).
Thus, bone meal would be suitable for the preparation of a P and Ca rich bioponic stock
solution if higher mineralization rates for P could be achieved, for example by adding
more easily degradable organic residues, such as chicken manure [10,13]. This approach,
combined with an additional aerobic treatment of the anaerobic digestate would probably
also help in reducing the relatively high NH4

+ concentration in the digestate of bone
meal (Table 3) which otherwise may result in phytotoxic NH4

+ concentrations in the final
bioponic solution.

Potassium was mobilized easily from dried potato peel (Figure 3) due to the fact that K
is present in organic material as an unbound, readily soluble K+ ion, facilitating its transfer
through cell membranes and leaching [39,40]. This allows for a high degree of flexibility in
the choice of organic feedstocks for the production of bioponic K stock solutions.

4.2. Nutrient Composition of the Bioponic and the Spiked Bioponic Solution

Plants require a balanced mixture of macro- and micronutrients for their growth. Many
different hydroponic solutions have been designed to meet the requirements of different
plant species. We used mean concentrations of different well-established hydroponic
solutions to create a reference solution to measure our bioponic solution against (Table 2).
We mixed our bioponic solution from the bioponic stock solutions to achieve a balanced
nutrient solution, meeting the reference solutions as closely as possible.

For PO4
3−-P and K+ this turned out to be successful, as the concentrations of the

bioponic solution, based on the mixing ratio, were in good agreement with the target values
in the reference table (Table 2). However, a strong reduction in PO4

3− was detected in
the fresh bioponic and spiked bioponic solutions (Figure 6a,b). This reduction can likely
be attributed to a reduction in the stored samples before analysis, most certainly caused
by high pH and Ca concentrations, causing P to precipitate, which is supported by the
analyses of the stock solutions after the end of the hydroponic experiment (Table 4) [20,41].

For N concentrations and, particularly, the high ratio of NH4
+ and NO3

−, the final
solution deviated strongly from the reference solutions (Table 2) with potentially severely
negative effects on plant growth in hydroponic systems. The NH4

+:NO3
− ratio of the

fresh bioponic solutions increased even more over the course of the hydroponic experi-
ment (Figure 6a,b). The excess uptake of NH4

+ ions may result in leaf chlorosis, reduced
growth, or even the death of the plant [42]. NH4

+ toxicity has been shown to increase
ethylene production, thus disrupting hormonal homeostasis [43,44], reducing essential
cations such as K, Ca, and Mg in plant tissue, and increasing anions such as sulphate and
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phosphate [42,45]. Furthermore, there is evidence of reduced net photosynthesis [42,46,47],
which may be caused by oxidative damages to the light-harvesting photosystems [42].

Many studies on bioponics identified NH4
+ toxicities as one of the main causes

of poor plant growth [9,10]. Most bioponic solutions, if subjected to aerobic treatment,
were shown to have lower NH4

+ concentrations than the bioponic solution of the present
study [8,11,12,21]. Additional aerobic treatment of the anaerobic P and K digestate used in
the present study may, thus, reduce NH4

+ concentrations, while potentially reducing total
organic carbon and phytotoxic compounds [48].

Concentrations of most micronutrients in the bioponic nutrient solution (Figure 4)
were similar to the targeted reference solution (Table 2). The relatively high concentrations
of Zn and Fe have been described before in other studies on bioponic solutions [10,21]. If
taken up by the plant, the abundant availability of Zn and Fe could help combat hidden
hunger caused by micronutrient deficiencies [49]. The sodium load of 20.2 ± 0.6 mg L−1

in the bioponic solution should not have affected plant growth significantly. Breś et al.
(2022) [50] did not observe a significant reduction in lettuce yield when exposed to a Na
concentration of 229.9 mg L−1, supplied as NaCl.

In the spiked bioponic solution, concentrations of N, P, and K corresponded to the
reference values (Table 2). However, none of the other macro- and micronutrients met the
range of the referenced mineral nutrient solutions, except for Mo. Whereas for micronutri-
ents, different mineral nutrient solutions can also show variances in concentrations—the
Hoagland solution used in the present study matched the micronutrient range of the refer-
ence table for Cu only—all the macronutrients of the used Hoagland solution were within
the range of the reference table. The high Ca concentration in the spiked bioponic solution
could possibly negatively impact plant growth, since Ca can have antagonistic effects on
the uptake of other nutrients, for instance, P, Mg, Fe, Zn, and Mn [51]. However, it is
doubtful whether the Ca concentration was high enough for such antagonistic effects.

The elevated EC in the bioponic solution (Figure 6c) is in line with the findings of
William and Nelson (2016) [52], who showed that the EC in bioponic solutions tends to be
higher than in conventional nutrient solutions. They attributed the higher EC in bioponic
solutions to the presence of non-essential salts, including Na and Cl and organic acids [52].
Thus, EC is not fully suitable as an appropriate indicator for nutrients in bioponic solutions.

Another phenomenon observed was the pH dynamics in the bioponic and spiked
bioponic nutrient solutions. The nutrient solution was renewed twice a week, and although
the pH was set to 6 using acetic acid when the solution was renewed, the pH observed
in the exchanged nutrient solution was around 8 or higher (Figure 7). This high pH
is far from optimal for hydroponic cultivation and efficient nutrient uptake. Among
several potential factors for this behavior, a probable cause could lie in the buffering
capacity of the nutrient solution, induced by the bone derived P solution. Bones consist
mainly of hydroxyapatite, which contains calcium phosphate and carbonates, among other
molecules [53]. The strong buffering capacity of the bioponic nutrient solutions could be a
result of the interactions between the calcium, phosphate and carbonate ions with water
and other ions in the solutions. In an attempt to deploy bone meal from chickens to treat
acid mine drainage, Payus et al. [54] observed a rapid increase in pH and postulate that
an adsorption mechanism may have taken place, along with the precipitation of metal
hydroxide, which caused the pH to increase. In the hydroponic experiment conducted,
repeated applications of strong acids, such as hydrochloric acid (HCl) or nitric acid (HNO3),
may have been able to control the pH value more effectively. However, due to the high
buffer capacity previously mentioned, this could have led to a significant increase in the Cl
or N concentration, potentially distorting the results.

4.3. Plant Growth

The lettuce plants grown in bioponic and spiked bioponic solutions showed poor
growth apparent in the significantly lower harvested head mass compared to the head
mass of the plants grown in the Hoagland solution (Figure 5). The yield of lettuce grown
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in bioponic solution was only one fifth (21%) of the lettuce yield when grown in the
Hoagland solution. This was lower than most other published results for yields of bio-
ponically grown lettuce, relative to mineral nutrient solution grown lettuce as reported
by Gartman et al. [22], Williams and Nelsons [52], Liedl [10], and Atkins and Nichols [55],
who obtained 72%, 63%, 56%, and 23%, respectively.

The observed loss in leaf turgor immediately following the application of the bioponic
solutions may have been caused by the change to the bioponic solution with a higher
EC [56]. While the plants did recover from this initial shock, the 25-day experimental
period may have been insufficient to fully equalize the effect.

A potentially contributing factor to the low yields in our study was the high NH4
+

concentration and the unfavorable NH4
+:NO3

− ratio. However, Liedl et al. [10] achieved
56% of the yield of lettuce grown in mineral nutrient solution with a bioponic solution
containing 43.6 mg L−1 NH4

+-N and no NO3
−, and Williams and Nelson’s [48] bioponic

solution contained less than 5 mg L−1 NO3
−-N and more than 40 mg L−1 NH4

+-N [52].
These studies show that even with unfavorable NH4

+:NO3
− ratios, higher relative yields

can be achieved.
Neither Williams and Nelson [52], Liedl et al. [10], nor other studies [22,55] described

a high microbial load leading to a strongly developed biofilm on the roots, potentially
reducing their oxygen supply and hosting pathogens, like Pythium spp., which can cause
root rot [57]. This may have additionally reduced plant growth and could be an explanation
for the equally reduced plant growth in the spiked bioponic solution, despite a good
NH4

+:NO3
− ratio. Increasing the nutrient concentration in the bioponic solution in order

to increase yield, as proposed by Gartman et al. (2023) [22], can, therefore, not be applied to
the present study. A more promising approach could be diluting the solution or reducing
the number of microorganisms by suitable measures.

The lettuce variety “Hawking”, grown in the Hoagland solution, achieved a head
yield of 173.1 ± 7.5 g, which is about 67% of the yield reported by Gartman et al. (2023) [22]
for “Hawking” in a nutrient film technique system, but 1.25 times the yield reported by
Liedl et al. [10] for the varieties “Rex” and “Vegas”.

Nutrient uptake was not the main cause for the suppressed plant growth, as tissue
nutrient concentrations were in the reported range for lettuce leaves before harvest [58],
albeit somewhat lower in bioponically grown plants than in plants grown in the Hoagland
solution. While the exact reasons for the inhibited growth could not be studied in every
detail due to a lack of additional assessments such as phytopathological analyses, it is clear
that nutrient solution properties were unfavorable. Thus, the low head yields from plants
grown in bioponic solutions probably resulted from a multitude of aspects, such as high
EC, high pH combined with low dissolved oxygen concentration in the nutrient solution,
root damage possibly caused by pathogens such as Pythium spp., and maybe even a high
NH4

+ concentration in the bioponic solution. Whether the root rot caused the microflora
settlement on the roots or vice versa remains unclear.

Considering the variety of potential causes for the reduced plant growth in the bio-
ponic solution, the hydroponic experiment should be considered as preliminary. However,
the results of the experiment can serve as a basis for systematically overcoming the chal-
lenges associated with the production and application of bioponic stock solutions.

5. Conclusions

In the present study, we attempted to produce bioponic nutrient solutions with stock
solutions from specifically non-food, non-feed organic residues.

We were able to produce bioponic stock solutions with adequate nutrient concentra-
tions on a technically non-challenging level from blood meal, bone meal, and potato peel.
However, the physio-chemical properties of the final bioponic solutions did not meet the
requirements for hydroponic plant production.

Nonetheless, the three nutrient reactors achieved good mineralization rates, and
mixing the three stock solutions resulted in a relatively well-balanced nutrient solution.
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Thus, the approach shows potential for using non-food, non-feed organic residues as
nutrient sources for bioponic nutrient solutions. The applicability of such an approach for
drylands dominated by pastoralism has yet to be studied, as we have shown that probably
more sophisticated reactor concepts, including temperature control, continuous in situ
monitoring, and the improved mixing and automated dosing embedded in a continuous
process in contrast to the batch process used in this work could lead to results that justify
the extensive effort required to set up, maintain, and monitor the processes of bioponic
nutrient solution production. The much more advanced technological level needed to
provide reliable production conditions will probably be an obstacle to implementation.

Our findings provide three starting points for producing bioponic solutions that are
more suitable for plant growth: (1) a wider NO3

−:NH4
+ ratio should be achieved, (2) the

decomposition of organic substances should be more complete and the microbial load of
the bioponic solution should be greatly reduced, (3) strict pH control is essential for high
nutrient availability and efficient nutrient uptake to the plant.

Finally, field testing of the applicability of the approach in the target environment
should be performed, with a wider range of crops going beyond the simple model of
lettuce production.
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