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ABSTRACT

Background: Placement and acidification pretreatments are strategies to enhance the phosphorus (P) fertilizer value of biowastes.
However, their impact on the commercial yield of horticultural crops and the effects on the contents of undesirable elements in
the edible product are not well known.

Aims: The main objective of this study was to assess how the placement and acidification of biowastes affect commercial yield
and nutritional quality of vegetables.

Methods: To investigate this, we selected two byproducts from agroindustries, meat and bone meal (MBM) and digestate solid
fraction (DSF), and conducted a pot experiment with peas and onions growing in 10-L pots. Four treatments were assessed for
each biowaste: untreated mixed (UM), untreated placed (UP), acidified mixed (AM), and acidified placed (AP).

Results: Acidification increased the water-soluble P of both byprodutcs to over 70% of the total P. For DSF, the AP treatment
yielded over 100% more than UM, with a fertilizer value exceeding triple superphosphate. However, for MBM, no significant
differences were found among UM, AM, and AP treatments, with UP yielding even less than the negative control, indicating a
toxicity effect, probably of ammonium that reduced plant growth. Although acidification may have increased the solubility of
undesirable elements, it was not reflected in plant composition, as higher P solubility contributed to increased commercial yields,
diluting undesirable element content.

Conclusions: Therefore, the placement of acidified DSF shows promise in improving fertilizer value, with no adverse effects on
the content of undesirable elements in onion bulbs and pea grains.

1 | Introduction

Consumer habits are shifting in favor of more environmentally
friendly and sustainable food production systems (Reisch, Eberle,
and Lorek 2013; Vermeir et al. 2020). In this context, increasing
the efficiency of recycled phosphorus resources in agriculture
is an alternative to reduce the dependence on nonrenewable

P fertilizers, thereby producing food with reduced inputs in line
with circular farming practices (Recena et al. 2022). However,
recycled phosphorus resources such as meat and bone meal
(MBM) and the solid fraction of digestate, a residue from biogas
production, often have a lower fertilizer value compared to
mineral fertilizers (Moller et al. 2018). Therefore, treatments and
practices that can enhance the fertilizer value of these materials
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merit research. This will make these resources more attractive to
farmers as a replacement for mineral fertilizers.

As early as in the late 1940s and 1950s, several studies by
Cooke (1949a, 1949b, 1951, 1954) showed that placing mineral
P fertilizers increased phosphorus uptake and plant growth in
row horticultural crops compared to broadcast application. The
placement of mineral fertilizer reduces the contact area with
the soil and thereby the sorption of phosphorus (Meyer et al.
2023), creating a phosphate-rich zone that stimulates root growth
and can increase crop growth at early growth stages (van der
Bom et al. 2023). Recent studies have shown, however, that the
placement of biowastes did not yield promising results. Lemming
et al. (2016) found that the placement of sewage sludge increased
root proliferation in the placement zone but did not enhance
plant growth or P uptake when compared to treatments where the
sludge had been mixed into the soil. Biowastes have relatively low
soluble P contents, which are sufficient to promote root growth in
the placement zone, but not enough to provide the total amount
of P required, thus limiting plant growth over longer periods (i.e.,
weeks or months).

MBM is a residue from slaughterhouses, consisting mainly
of bones, blood, and dried and milled meat (Moller 2015). It
has relatively high nitrogen (~10%) and phosphorus (~2%-4%)
contents; however, the average P use efficiency is low compared
to mineral fertilizers, ranging from 17% to 67% (Brod et al. 2015a;
Brod et al. 2015b; Christiansen et al. 2020). Damaceno et al. (2019)
found that the acidification of MBM increased these values from
17% to 74%, indicating that this treatment could be a promising
approach to increase the P fertilizer value of this biowaste.

The process of separating solid and liquid components in ani-
mal slurry/manure and digestate is a simple technology that
enables the recovery of most of the nitrogen and soluble organic
matter in the liquid fraction and the phosphorus in the solid
fraction. This allows for more efficient management of digestate
nutrients (Chuda and Zieminski 2021; Tambone et al. 2017). In
the digestate solid fraction (DSF), 15% of the total phospho-
rus is soluble in water (Sica et al. 2023) and Regueiro et al.
(2020) found that acidifying this material increased phosphorus
solubility to more than 70% of the total phosphorus, result-
ing in increased phosphorus uptake compared to unacidified
material.

On the basis of this, Sica et al. (2023) tested different pretreat-
ments to increase the P solubility of these biowastes. They found
that acidification (H,SO,) of the solid fraction of biogas digestate
and MBM significantly increased the fraction of water-soluble P
of these materials as well as in the soil surrounding the placement
zone. In another study, Sica et al. (2023) found that the placement
of acidified DSF and MBM significantly increased the P uptake of
wheat, compared to the respective untreated materials.

However, depending on the target pH, acidification may
solubilize elements other than P, such as calcium, magnesium,
and potassium. Acidification can also solubilize heavy metals,
such as cadmium, or metals that become phytotoxic with
increased plant availability in the soil, such as aluminum and
iron, and affect their contents in the plant shoots and its edible
parts (Keskinen et al. 2023).

On the basis of this background, we hypothesized that:

1. The placement of acidified DSF and MBM will enhance
phosphorus uptake by onions and peas, leading to increased
commercial yields for both crops.

2. Acidification will not only solubilize phosphorus but also
undesirable elements (i.e., Cd, Cu, and Al), potentially
increasing their dry matter contents in the edible parts of
onions and peas.

To test these hypotheses, the DSF and MBM (untreated or
acidified, both treatments either mixed or placed in the soil) were
assessed as phosphorus fertilizers in a setup where onions and
peas were grown to maturity and their edible parts harvested,
with the objective to evaluate the effect of the different P fertilizers
on the commercial yield of the crops, as well as on the nutrient
composition of their bulbs and grains, respectively. Both crops
were selected because of their high responsiveness to phosphorus.
Peas, as legumes, are known to have high phosphorus require-
ments, particularly in the early stages of nodule formation for
nitrogen fixation (Sulieman and Tran 2015; Powers et al. 2020).
On the other hand, onions are row horticultural crops with
shallow root systems and limited soil exploration, making them
highly responsive to the placement of phosphorus (Brewster
2009; Goswami and Kalidas-Singh 2023).

2 | Materials and Methods
21 | Soil

The soil used in the present study was collected in 2022 from the
negative control treatment (unfertilized plot since 2003) of the
long-term field trial known as “CRUCIAL,” located 20 km west
of Copenhagen (geographical coordinates 55°40’N, 12°16’E). The
soil is categorized as a sandy loam and is a Luvisol according to
the FAO classification. Its average texture is 26.2% coarse sand,
43.6% fine sand, 14.3% silt, and 12.6% clay.

The collected soil had a pH of 6.6 (in water) and a total phospho-
rus content of 0.51 mg g~ soil. Notably, 1.6% of this phosphorus
content (equivalent to 8 mg kg™') was extractable using an anion
exchange resin. A comprehensive overview of the soil’s chemical
composition is given in Table 1. Additional information on the
CRUCIAL trial and more specific characteristics of the soil from
the unfertilized plots can be found in Gémez-Mufioz et al. (2018)
and Lemming et al. (2019).

2.2 | Fertilizers

In this study, five fertilizers were assessed. Triple superphosphate
(TSP) served as the reference mineral fertilizer, characterized by
a total phosphorus content of 20.8%, of which 73% was found to
be extractable using an anion exchange resin.

Two other materials, the DSF and MBM, were used in their
untreated and acidified states (four fertilizers). The DSF was
sourced from the Maabjerg Energy Center in Holstebro, Den-
mark, where a mixture of approximately 70% cattle manure, 20%
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TABLE 1 | Composition of the fertilizers and soil used in this study.

Digestate solid fraction

Meat and bone meal

Soil Untreated Acidified Untreated Acidified

c? (gkg™) 13 340 271 428 401
N2 16 26.5 20.6 98.4 90.3
PP 0.51 34 28.7 34.2 28.6
SP 0.21 9.1 112 4.9 41.7
AlP 16.7 1.06 0.97 0.29 0.48
Cab 2.79 50.4 36.2 60.6 50.6
FeP 6.95 6.66 4.73 1.47 1.33
Kb 10.1 12.6 7.84 711 6.09
Mg® 0.95 22.0 13.9 1.55 1.28
NaP 1.84 3.05 1.44 5.73 4.99
cdb (mgkg™) 0.52 0.36 0.32 0.27 0.1
Cr® 16.7 11.9 9.4 3.9 3.9
CuP 5.92 102 87 18.7 19.1
Zn® 36.4 472 404 127 140
pH 6.6 9.1 3.2 5.8 3.9
Resin P¢ (% total P) 1.6 14 59 2.3 83

2Carbon and nitrogen contents were determined by an elemental analyzer on dried samples (Vario macro cube, Elementar Analysensysteme GmbH, Germany).
bContents were determined by ICP-OES (Agilent 5100) after microwave-assisted digestion with HNO5, H,0,, and HF.
“Determined by shaking two anion exchange resin strips (1 cm x 5 cm) with equivalent to 2 g of dry soil in 20 mL of water for 1 h. More information regarding this

procedure can be found in Siegenthaler et al. (2020).

Abbreviations: DA = digestate solid fraction acidified = DU = digestate solid fraction untreated = MA: meat and bone meal acidified; MU = meat and bone meal

untreated.

pigslurry, 8%-9% chicken manure, and up to 2% food waste is used
as reactor substrate. Detailed insights into the composition of the
DSF can be found in the work of Liu, de Neergaard, and Jensen
(2019). The MBM was collected from the Daka SecAnim plant in
Hedensted, Denmark. This material consists mainly of residues
from slaughterhouses, including bones, meat, and blood.

Both the MBM and the DSF were acidified according to the
established protocol previously described by Sica et al. (2023). The
amount of concentrated sulfuric acid applied was 50 mL kg™! of
material, on the basis of the results of Sica et al. (2023), with the
aim of ensuring that at least 70% of the total phosphorus content
in each material would become soluble in water.

Briefly, for MBM acidification, 350 g of dried MBM were placed in
a 1-L container. Subsequently, 1 M sulfuric acid was applied at a
rate of 1 mL per 2 g of material dry weight. This acid was carefully
mixed with the MBM to ensure uniform wetting. Following this,
the acidified material was placed in an oven and kept at 65°C for
48 h. The dried and acidified material was crushed and sieved to
particles smaller than 2 mm using a mortar and pestle to make it
suitable for use as a fertilizer.

The process for acidifying the DSF was essentially the same, with
one notable adjustment. Due to the lower density of the DSF
material, a larger volume of solution was applied. Specifically,
1 mL of 1 M sulfuric acid plus 1 mL of Milli-Q water were added
per 2 g of material dry weight.

2.3 | Experimental Setup

An overview of the experimental setup and the plant growth
conditions is presented in Figure 1. The plant growth experiment
was conducted in pots with a volume of 10 L, each carefully filled

to achieve a bulk density of 1.2 g cm™.

The filling process involved four distinct layers, each composed
of a mixture of 3 kg of soil and quartz sand with a grain size of
0.4-0.8 mm, combined in a 3:1 ratio (2.25 kg of soil and 0.75 kg
of sand, measured in dry weight). Notably, the three lower layers
remained unfertilized. This layered arrangement ensured proper
compaction of the soil at different depths, which facilitate the
filling process of the pot, while limiting fertilization exclusively
to the top layer.

The top layer, however, was fertilized with nutrient solutions
providing all essential plant nutrients except phosphorus. This
nutrient supplementation was applied (in mg) as follows: N = 450;
K =450; Ca =120; Mg =120; S = 60; Cu=4.5; Zn = 3.6; Mo = 0.3;
Fe = 9; B = 0.9; and Mn = 9. After fertilization, the soil was
carefully homogenized to ensure uniform nutrient distribution.
As each pot contained only one plant, nutrient application rates
were calculated on the basis of the expected total dry matter per
plant by the end of the experiment. To avoid limiting plant growth
by nutrients other than phosphorus, all nutrients were applied at
rates at least twice the expected plant requirements. In previous
studies, similar nutrient application rates were used for onions,
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Growth conditions: 17-23 °C (20 * 2.5) with 16 hours of day light

Pea Onion
Variety: Kelvedon Wonder
Harvest: 72 DAT

Variety: Rijnsburger

FIGURE 1 | Overview of the experimental design and plant growth
conditions in this study. Images in the top left and right represent peas
(60 days after transplanting, DAT) and onions (105 DAT), respectively. The
picture at the bottom represents the onion bulbs of all treatments assessed
in this study just after harvest (126 DAT). 1st letter = D: digestate solid
fraction; M: meat and bone meal; 2nd letter = A: acidified; U: untreated;
3rd letter = M: mixed; P: placed. DUM, DSF untreated mixed; TSP, triple
superphosphate.

peas, and other crops, and no nutrient deficiencies were observed
in the plants (Gomez-Mufioz et al. 2018; Sica et al. 2023,Sica, Kopp
et al. 2024; Sica, Miiller-Stover et al. 2024; Sica and Magid 2024).

The negative control (referred to as “N”) was soil supplemented
with all essential nutrients except phosphorus. Furthermore, a
reference control was established, using TSP in powder form.
The TSP was applied at a rate of 180 mg of total P per pot,
equivalent to 60 mg of P per kilogram of soil in the top layer. The
TSP was homogeneously mixed into the top layer of the soil to
ensure an even distribution. As the top layer of the pot was 5 cm
deep, the total phosphorus applied in this layer was 36 kg ha.
This application rate is comparable to the approx. 30 kg of total
phosphorus per hectare, which is the threshold value set by the
Danish Ministry of Food and the Environment (Miljestyrelsen
2018).

Both the MBM and the DSF were applied in identical treatments,
which included the following: (1) untreated mixed (UM), (2)
untreated placed (UP), (3) acidified mixed (AM), and (4) acidified
placed (AP). The fertilizers were applied at a rate of 180 mg of

total phosphorus per pot, corresponding to 60 g of phosphorus
per kilogram of soil in the top layer.

For the “mixed” treatments (M), the fertilizers were uniformly
mixed with the soil of the top layer before being added to the
pots. Conversely, for the “placed” treatments (P), the soil was first
added to the pots, and then soil from the center of the pot was
removed to a depth of 10 cm using a tube with a 5-cm diameter.
In this hole, the fertilizer was applied and subsequently packed
with the soil that had been removed.

After the application of the fertilizers and the proper packing of
soil in the pots, an appropriate volume of water was added to
achieve a soil moisture content of 60% of the soil water holding
capacity (29 g of water per 100 g of dry soil). Subsequently, the
tops of the pots were sealed with plastic bags, and this moisture
content was maintained for 1 week in order to stimulate and
revitalize the soil microbial activity, as described by Oehl et al.
(2004).

2.4 | Plant Growth Conditions

Onion (Allium cepa, cv. Rijnsburger) and pea (Pisum sativum,
cv. Kelvedon Wonder) were grown under uniform conditions,
with the fertilizer treatments as described above. Consequently,
each crop was subjected to a total of 10 different treatments, as
illustrated in Figure 1, with each treatment being replicated 4
times, resulting in a total of 40 pots per crop.

Onion and pea seeds were pre-germinated by placing them in
moist paper sheets for a 5-day period, at a controlled temperature
of20°C in a dark environment. Seedlings for transplantation were
carefully selected to ensure uniform height. In each pot, two
seedlings were initially placed, and after 5 days, one seedling was
removed.

In the greenhouse, the temperature was monitored hourly and
had a daily average of 20°C + 2.5°C. To maintain a consistent
photoperiod conducive to plant growth, a 16-h day length was
established. To achieve this, LED lights were placed above the
pots and programmed to activate automatically to supplement
light and complete the day cycle during dark hours or cloudy
days. The experiments were carried out from January to May
2023 in Copenhagen, Denmark. Therefore, light was specially
supplemented at the beginning of the experiment.

The pots were manually watered with the same amount of water
every 3 days for the first 45 days. After that, the pots were
watered every 2 days. At each watering, weeds were removed
and the pots were randomly rotated. Bamboo sticks were used
to direct and support the growth of the above ground biomass
(Figure 1).

2.5 | Harvest

The crops had different growth cycle lengths and were therefore
harvested at different times. Pea plants predominantly entered
the flowering stage at 40-42 days after transplanting (DAT),
with pod development commencing at 45-50 DAT. Pea pods
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were harvested at 76 DAT, when both the plant shoots and
pods had begun to dry. The fully developed pods were manually
separated from the plant, opened, and the grains were removed.
For each plant, the number of pods and the number of grains
were counted, and the average number of grains per pod was also
determined. The pea grains were weighed, and the fresh weight
was determined. The shoots were cut close to the soil surface.
Grains and shoots were dried in an oven at 60°C for 48 h, and
the dry matter was determined.

Onion bulbs were harvested at 126 DAT, when the treatment
with the smallest bulbs had reached a minimum size for further
analyses (MUP, in Figure 1). The shoots were cut at the top of the
onion bulbs, and roots were removed. For each plant, the fresh
weight and diameter of the bulbs were determined. Bulbs were
cut into four pieces, and bulbs and shoots were dried in an oven
at 60°C for 48 h to determine their dry matter.

2.6 | Plant Analyses

To avoid contamination by metals, all cutting during the harvest
was done with a ceramic blade knife made of zirconium oxide
(Kyocera). The plant material (shoots, bulbs, and grains) was
milled to a fine powder with zirconium balls. The samples
(100 mg) were microwave-digested with 2.5 mL of 70% HNO; and
1 mL of 15% H,0,. After that, Milli-Q water was added to bring
the volume to 50 mL. The elemental composition of the plant
material was then determined by inductively coupled plasma-
mass spectrometry (ICP-MS, Agilent 7900, California, USA).
The nitrogen content was determined using an Elemental Ana-
lyzer (Vario macro cube, Elementar Analysensysteme GmbH,
Germany).

2.7 | Calculations

The nutrient uptake (in mg per plant) was calculated as the
nutrient content (in mg g™ of dry matter) multiplied by the dry
matter (in g per plant).

The mineral fertilizer equivalent (MFE) was calculated according
to the following equation:

(Treatment — N)

MEFE of treatment (%) = 100 X TSP—N)

@

where Treatment — N is the difference between the results for
that treatment and the negative control (N), and TSP — N is the
difference between the results for TSP (the mineral fertilizer) and
the negative control.

The MFE was calculated in terms of total P uptake
(shoots + bulbs/grains) and commercial yield (in dry matter
of bulbs or grains). Results around 100% indicate that the
treatment had a performance similar to the mineral fertilizer,
whereas results above 100% indicate a better performance of the
treatment. Negative values indicate that the treatment performed
worse than the negative control.

2.8 | Statistics

This study was not designed to statistically compare different
crops or different materials (i.e., pea vs. onion or DSF vs. MBM).
Thus, all the statistical analyses were performed for each material
in each crop, using IBM SPSS Statistics 27.0. The homogeneity
of variance of the data was verified using Levene’s test, and
the Kolmogrov-Smirnov test was used to verify that the data
followed a normal distribution. For each material, a two-way
ANOVA was performed to assess whether there were significant
effects (p value < 0.05) of acidification (untreated vs. acidified),
application methods (mixed vs. placed), and their interactions on
the analyzed parameters. In case of a significant interaction, the
Tukey HSD test was performed (<0.05) for multiple comparisons
of means. These differences are indicated in the figures and tables.
Principal component analysis (PCA) analysis was performed on
the yield (DM) and the elemental contents in the commercial
products (grains and bulbs) using SigmaPlot 15.0. To normalize
the data, the respective mean was subtracted from each data point
and then divided by the standard deviation.

3 | Results
3.1 | Yield

The DSF treatments did not have a significant effect on shoot
dry matter for any of the crops. For bulbs and grains, acidified
DSF placed (DAP) resulted in the significantly highest yield (dry
matter). For pea, there was also a significant overall positive effect
of placement, such that the DSF untreated mixed (DUM) had
the lowest grain DM. In terms of total aboveground biomass, the
DAP treatment was significantly higher than DUM for onions
and significantly the highest for peas (Figure 2). In terms of grain
and bulb fresh weight, there was a significant interaction between
acidification and application methods, with DAP resulting in the
highest yields for both onion and pea (Table S1) and in the largest
diameters for onions (Table S2). For pea, the localized application
of DSF had a significant effect increasing the number of pods per
plant, grains per plant, and grains per pods (Table S2).

For MBM, in both crops, the dry matter yield of bulbs and
grains as well as the dry matter of the shoots and the total
aboveground dry matter showed significantly lower values in the
untreated placement (MUP) treatment compared to the other
treatments. No significant difference was observed between the
other treatments (MAP vs. MAM vs. MUM) (Figure 2). For onion,
MUP also resulted in significantly smaller bulbs (Table S2).

3.2 | Macronutrient Uptake

For onions that received DSF fertilization, both the P uptake
by bulbs and the total P uptake were significantly higher with
DAP compared to the other treatments (Figure 3). In the case
of peas, no interaction was observed affecting the P uptake by
shoots and the total P uptake. However, with respect to grains,
DAM and DAP exhibited significantly higher uptake compared to
DUM and DUP (Figure 3). For onion, acidification and placement
significantly increased K uptake in bulbs, whereas placement
also significantly increased S uptake in bulbs (Table 2). For peas,
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FIGURE 2 | Onion bulbs, shoots, and total (bulbs + shoots) dry matter (A) and pea grains, shoots, and total (grains + shoots) dry matter (B). The
solid line represents the average values for triple superphosphate (TSP) and the dashed line represents the average values for the negative control (N).
“n.s.”: no significant interaction between treatment (acidification) and application methods. Different letters indicate a significant difference between

treatments (Tukey HSD < 0.05) for parameters with a significant interaction between treatment (acidification) and application methods. 1st letter = D:
digestate solid fraction; M: meat and bone meal; 2nd letter = A: acidified; U: untreated; 3rd letter = M: mixed; P: placed. DUM, DSF untreated mixed.

DSF acidification significantly increased N, K, S, and Ca uptake
in grains, whereas placement increased K, S, and Ca uptake in
grains, and S and Ca uptake in shoots (Table 3). Conversely, when
onions and peas were fertilized with MBM, the total P uptake for
MUP was significantly lower compared to the other treatments.
The latter also applied to onion bulbs (Figure 3). This trend of
lower nutrient uptake with MUP was also observed for N, K, S,
and Ca in shoots, grains, and bulbs (Table 3).

The total MFE for yield DM and total P uptake for both crops
was higher than 100% for DAP, indicating that it had a better
effect than TSP (Table S1). In the case of MBM, the MUP

had negative MFEs for onion yield and total P uptake, and
for pea total P uptake, indicating that the treatments were
less effective than the unfertilized control for these parameters
(Table S1).

3.3 | Element Content in Dry Matter

For onions fertilized with DSF, the contents in dry matter of the
macronutrients N, P, K, S, and Ca in shoots and bulbs (Table
S3) and the contents in dry matter of metals Al, Fe, Co, Cu, Zn,
and Cd in bulbs were not significantly affected by acidification,
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FIGURE 3 | Total Puptake by onion bulbs, shoots, and total (bulbs + shoots) (A) and pea grains, shoots, and total (grains + shoots) (B). The solid line
represents the average values for triple superphosphate (TSP) and the dashed line represents the average values for the negative control (N). “n.s.”: no
significant interaction between treatment (acidification) and application methods. Different letters indicate a significant difference between treatments
(Tukey HSD < 0.05) for parameters with a significant interaction between treatment (acidification) and application methods. 1st letter = D: digestate

solid fraction; M: meat and bone meal; 2nd letter = A: acidified; U: untreated; 3rd letter = M: mixed; P: placed. DUM, DSF untreated mixed.

application method, or the interaction between these factors
(Table 4). The PCA indicated that for DSF, the yield of onion
was not closely associated to any of the element contents in
dry matter, and P had a negative relationship with yield (PC1:
45.25%, and PC2: 23.45%; Figure S1), indicating a dilution effect.
Phosphorus and calcium (Table S3), as well as copper contents
(Table 4) in bulb dry matter, had a significant and negative
Pearson correlation with yield DM.

For onions fertilized with MBM, N, P, and K contents in shoot
and bulb dry matter were significantly lower in the acidified

treatments (except for P in bulbs) and had a significant and
negative correlation with yield (Table S3). The PCA (PC1: 48.64%;
PC2: 22.65%) indicated that yield was not associated with the
other parameters (Figure S1). For the metals, Al, Fe, and Co were
significantly lower in the mixed treatments. These three elements
plus copper had a significant and negative correlation with yield
(Table 4).

For peas fertilized with DSF, N, P, and K contents in dry
matter of shoots and grains were negatively correlated with
yield DM (Table S4). These parameters were also significantly
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TABLE 2 | Nitrogen (N), potassium (K), sulfur (S), and calcium (Ca) uptake by onion bulbs and shoots, and pea grains and shoots for the different

fertilization treatments used in this study.

Onion
K Ca
(mg plant™)
Bulbs Shoots Bulbs Shoots Bulbs Shoots Bulbs Shoots
N 54+54 118 + 14 53.7+0.8 164 + 17 250+1 37+2 138 +2 6.9 +13
TSP 161 +9 144 + 24 1423 +£2.2 194 +5 65.4+2 132+7 167 + 8 26.6 +13
Digestate solid fraction
DAM 120 +12 170 £ 16 102+8b 199 + 31 47+3ab 122+5 153 +£10 209 +13
DUM 88.7+4.38 139 + 23 735+5¢ 167 + 24 34+5b 87+5 138 +2 154 +12
DAP 182 + 37 128 + 20 167+9a 167 + 22 79+5a 178 + 5 148+ 8 34.4 + 30
DUP 119+9.9 122+ 11 112+8b 152 + 20 53+3ab 140+ 3 156 + 10 26.1+13
p value
Acidification — — ok — — — — —
Application — — ok — * — — —
Interaction — — — — — — — —
Meat and bone meal
MAM 93 +10a 152 + 22 729+7a 174+ 42a 412+5a 97+8b 137+4a 183+3a
MUM 104 +16a 178 + 26 73.0+7a 220+28a 401+4a 100+9b 169+6a 21.0+3a
MAP 100 +12a 151 + 24 77.5+9a 161+12a 394+5a 129+1a 162 +4a 244+1a
MUP 262+3b 63.3+17 21.6+2b 77+21b 81+1b 49 +4c 8l+1b 95+1b
p value
Acidification * — ** — *x — ok —
Application * _ * * Kk * sk *
Interaction ok — * * * * * —

Note: First letter = D: digestate solid fraction; M: meat and bone meal; Second letter = A: acidified; U: untreated; Third letter = M: mixed; P: placed. Two-way
ANOVA, p value: >0.05; *<0.05; **<0.01; ***<0.001; the mean is followed by the + standard errors. Different letters indicate a significant difference between

treatments (Tukey HSD < 0.05).

Abbreviations: DUM = DSF untreated mixed; N = no phosphorus applied; TSP = triple superphosphate.

lower for the placed fertilizers compared to the mixed (except
for K in grains). The PCA (PC1: 65.31%; PC2: 16.72%) indicated
that yield was closely related to calcium, cobalt, and cadmium
contents in grain dry matter (Figure S1). The Ca content in
grains was positively correlated with yield (Table S4); however,
Co and Cd had no significant correlation with yield (Table 5).
Copper was negatively and significantly correlated with yield
(Table 5).

On the other hand, for peas fertilized with MBM, the treatments
had no significant effect on N, P, K, S, and Ca contents in grain
and shoot dry matter. N and P contents in shoots and grains
(Table S4), as well as Cu, Co, and Zn contents in grain dry matter
(Table 5), were negatively correlated with yield. The PCA (PC1:
52.25; PC2:32.32) partially confirmed this, as Cu, P, and N contents
in grains were associated, whereas yield was closer associated
with Ca content in grain dry matter (Figure S1). Ca contents in
grain and shoot dry matters were positively correlated with yield
(Table S4).

4 | Discussion

The objective of this study was to evaluate how the acidification
and placement of the DSF and MBM affected the commercial
yield of onions and peas, as well as the nutrient composition of
their bulbs and grains, respectively. Therefore, we did not intend
to compare materials (MBM vs. DSF) but rather to examine how
the acidification and placement of each material affected the
assessed parameters for both crops compared to their untreated
and mixed treatments.

4.1 | Fertilizer Composition and Effects of
Treatments on P Solubility

In the process of separating the digestate into solid and liquid
fractions, most of the nitrogen and soluble organic matter is in
the liquid part, whereas phosphorus and more stable forms of
organic matter are retained in the solid portion (Tambone et al.
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TABLE 3 |

Nitrogen (N), potassium (K), sulfur (S), and calcium (Ca) uptake by onion bulbs and shoots, and pea grains and shoots for the different
fertilization treatments used in this study.

Pea
K Ca
(mg plant™)
Grain Shoots Grain Shoots Grain Shoots Grain Shoots
N 746 +9 168 + 21 37+6 138 +12 69+1 326 +11 49+4 261 + 90
TSP 177+ 7 170 + 40 132+ 2 167 + 20 26.6 + 0.5 50+5 531+0.5 629 + 27
Digestate solid fraction
DAM 209 + 25a 191 + 37 122 + 5ab 153 +18 209+7ab  36.6+7b 37.1+ 6b 456 + 82c
DUM 153 +23b 158 +£18 87.0 +9b 138 + 14 15.4 + 5b 329+5b 19.0 + 3¢ 439 + 98¢
DAP 225 +14a 125+ 6 178 + 6a 148 + 7 344 +2a 51.6 + 2a 63.6 + 3a 916 +18a
DUP 159 + 9b 133 +17 140 + 4a 156 + 13 26.1 +3a 47.8 + 3a 47.0 +8ab 788 &+ 30b
p value
Acidification * — ok — ok — ok —
Application _ _ stk _ sk * sk sk
Interaction — — — — — — — —
Meat and bone meal
MAM 157 + 13a 160 + 20 97 + 12ab 137 + 1ab 183+ 7b 383+7 279 +7ab 542 +99b
MUM 147 + 18a 219 +33 100 + 9ab 169 + 15a 21.0 £ 5b 423 +5 31.7 + 4ab 675 + 82b
MAP 169 + 15a 163 + 27 129 + 9a 162 + 18ab 24.4 + 5a 452 +5 40.6 + 4a 838 + 65a
MUP 87.6 +3b 87.2+13 49 + 4b 81.0 +19b 9.5+ 5¢ 20.0+5 10.2 +2b 235 + 62¢
p value
Acidification * — * — * — * *
Application — — — — — — — —
Interaction — — ok ok ok — * ok

Note: First letter = D: digestate solid fraction; M: meat and bone meal; Second letter = A: acidified; U: untreated; Third letter = M: mixed; P: placed. Two-way
ANOVA, p value: >0.05; *<0.05; **<0.01; ***<0.001; the mean is followed by the + standard errors. Different letters indicate a significant difference between

treatments (Tukey HSD < 0.05).

Abbreviations: DUM = DSF untreated mixed; N = no phosphorus applied; TSP = triple superphosphate.

2017; Chuda and Zieminski 2021). The phosphorus components
mainly consist of calcium- and magnesium-bound phosphorus
and struvite that precipitates in the anaerobic digestion reactor
(Moller and Miiller 2012). These P species can be dissolved at
lower pH, as demonstrated by Sica et al. (2023), who found that by
acidifying the DSF from a pH of 9.1 to 3.5, the water-extractable P
increased from 16% to more than 70% of the total P. In this study,
the DSF was acidified to a pH of 3.2, and the resin-P increased
from 14% to 59%.

MBM is a biowaste product consisting of dehydrated and ground
bones, blood, and leftover meat from slaughterhouses (Chris-
tiansen et al. 2020). It contains a significant amount of carbon
(approximately 40%) and nitrogen (around 10%), which are
primarily derived from organic compounds found in meat and
blood (Kivela et al. 2015), whereas most of the phosphorus is
derived from the bones in the form of hydroxyapatite (70%-
90%) (Jeng et al. 2007). Previous studies have shown that the
dissolution of Ca-bound P can be favored at a pH below 4 (Sica

et al. 2023; Valsami-Jones et al. 1998). This is consistent with what
we found in this study, as acidification of MBM from a pH of 5.8
to 3.9 increased the resin-P from 2.3% to 83% of the total P.

In this study, the phosphorus components in both materials
consisted mainly of species that can be solubilized at lower
pH levels, typically below 4. Consequently, the acidification
treatment performed in this study proved to be effective in
solubilizing the phosphorus from both materials, in agreement
with the results of Sica et al. (2023).

4.2 | Commercial Yield and Nutrient Uptake
(Hypothesis 1)

The first hypothesis tested in this study was the placement
of acidified digestate solid fraction and meat and bone meal
will enhance phosphorus uptake by onions and peas, leading to
increased commercial yields for both crops.
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TABLE 4 | Metal contents in dry matter (aluminum (Al), iron (Fe), cobalt (Co), copper (Cu), zinc (Zn), and cadmium (Cd)) of onion bulbs for the

treatments assessed in this study.

Onion bulb

Al Fe Co Cu Zn Cd

(mgkg™)

N 29.6 +8.1 51.0 £5.7 0.08 + 0.02 45+04 373+35 0.62 + 0.06
TSP 54.6 +16 733 +11.4 0.07 £0.01 4.6 +0.6 36.1+2.2 0.66 + 0.01
Digestate solid fraction
DAM 68.0 +17 83.0 +15 0.10 + 0.01 51+03 50.7+9.0 0.83+0.2
DUM 489 +10 61.7+ 7.8 0.08 + 0.02 54+01 352422 0.51 + 0.03
DAP 552+15 772 +9.2 0.09 + 0.02 51+0.1 345+1.2 0.67 + 0.08
DUP 356 +11 64.0 +7.5 0.08 + 0.02 49+0.5 33.6 +3.3 0.57 + 0.08
Correlation with Pearson
yield ~0.08 0.12 —011 —0.437 013 021
p value
Acidification — — — — — —
Application — — — — — —
Interaction — — — — — —
Meat and bone meal
MAM 225+6.5¢C 493+5.0b 0.09 + 0.01 57+11 489 +2.9 0.62 + 0.06
MUM 27.6 £51c 59.8 +5.7b 0.06 + 0.01 5.6 +£0.2 472 +28 0.57 +£ 0.05
MAP 524+85b 64.6+10b 0.10 + 0.01 56+0.5 39.7+2.8 0.67 + 0.03
MUP 83.5+17a 971+15a 0.14 + 0.04 7.4+ 0.9 46.4 +1.4 0.75 + 0.07
Correlation with Pearson
yield —052° ~0567 ~0.537 ~0.537 ~0.12 ~0.36
p value
Acidification — — — — — —
Application * * * — — —
Interaction — — — — — —

Note: First letter = A: acidified; U: untreated; Second letter = M: mixed; P: placed. Two-way ANOVA, p value: >0.05; *<0.05; **<0.01; ***<0.001; the mean is
followed by the + standard errors. Different letters indicate a significant difference between treatments (Tukey HSD < 0.05).

Pindicates a significant Pearson correlation.

Abbreviations: N = no phosphorus applied; TSP = triple superphosphate; DUM = DSF untreated mixed; DSF = digestate solid fraction; MBM = meat and bone

meal.

Onions have a shallow and fine root system, which limits their
ability to efficiently explore resources in the bulk soil (Brewster
2009). Due to this characteristic, placing a highly soluble P
fertilizer close to the seeds can help the roots to access P during
the early stages of growth, thereby promoting plant growth
(Goswami and Kalidas-Singh 2023). For instance, Cooke et al.
(1956) found that the placement of mineral P fertilizer in bands
7.5 cm below the seeds significantly increased onion yields
when compared to mixed treatments at doubled application
rates.

The process of nitrogen fixation in legume crops is energy-
intensive and requires a high concentration of phosphorus in
their nodules. As a result, legumes have a high demand for
phosphorus, making P fertilization crucial for their production
(Henry, Slinkard, and Hogg 1995). Phosphorus concentrations

in root nodules are three times higher than in other plant
organs, and this distribution ratio remains constant even under
P-deficient conditions, although nodule dry weight may decrease
(Powers et al. 2020; Sulieman and Tran 2015; Vadez et al. 1999).
Thus, higher P availability will ensure a more efficient nitrogen
fixation and plant growth. However, in this experiment, the soil
was fertilized with nitrogen, and we did not assess the nitrogen
fixation by the peas.

Peas are also responsive to the placement of soluble P fertilizers.
Cooke (1954) found that the placement of mineral P fertilizer in
bands close to the seeds considerably increased the root growth
in the early stages, with a visible increase in root proliferation in
the P-rich zone of the soil. Cooke’s (1954) results also indicated
a significant increase in grain yield when comparing the placed
mineral P fertilizer with broadcasting.
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TABLE 5 | Metal contents in dry matter (aluminum (Al), iron (Fe), cobalt (Co), copper (Cu), zinc (Zn), and cadmium (Cd)) of pea grains for the
treatments assessed in this study.

Pea grain

Al Fe Co Cu Zn Cd

(mgkg™)
N 32+0.2 81.8 +3 0.10 = 0.01 6.0 + 0.6 475+31 0.05 + 0.03
TSP 28+0.3 86.7+5 0.14 + 0.01 3.6 +0.7 56.2+1.3 0.15 + 0.02
Digestate solid fraction
DAM 41+0.5 59.7+4 0.14 + 0.01 51+0.1a 531+13 0.14 + 0.01
ab
DUM 32+04 62.5+5 0.10 £ 0.01b 56+02a 49.7 + 2.2 0.12 + 0.01
DAP 43+01 68.4+6 0.15 £ 0.02 3.0+03b 482 +11 0.14 + 0.01
ab

DUP 35+0.5 66.6 + 6 0.18 +0.02 a 31+04b 51.8 £2.6 0.14 + 0.01
Correlation with yield Pearson

0.16 -0.16 0.32 -0.74" -0.22 0.04
p value
Acidification — — — — — —
Application — — ok ek — —
Interaction — — — — — —
Meat and bone meal
MAM 26+04 781+9 012+0.01b 46=+11 55.2+2.6b 0.16 £ 0.06
MUM 6.7+ 1.8 641+7 0.17+0.02b 31+03 56.9+09b 0.17 £ 0.01
MAP 29+0.6 71.2 £10 0.19+0.01b 32+05 525+39Db 0.15+0.01
MUP 53+03 83.9+6 044 +£0.10a 41+0.6 703+£99a 0.33 + 0.11
Correlation with yield Pearson

—0.08 -0.18 -0.42° —-0.48° -0.41° -0.21

p value
Acidification * — * — * —
Application — — * — — —
Interaction — — — — — —

Note: First letter = A: acidified; U: untreated; Second letter = M: mixed; P: placed. Two-way ANOVA, p value: >0.05; *<0.05; **<0.01; ***<0.001; the mean is
followed by the + standard errors. Different letters indicate a significant difference between treatments (Tukey HSD < 0.05). P indicates a significant Pearson

correlation.

Abbreviations: N = no phosphorus applied; TSP = triple superphosphate; DUM = DSF untreated mixed; DSF = digestate solid fraction; MBM = meat and bone

meal.

Our results for the DSF are consistent with this. We found that
the DAP significantly increased the P uptake, yield (dry weight),
and fresh weight of onion bulbs by around 100% compared to the
acidified DSF mixed with the top layer (DAM). In the case of peas,
the DAP resulted in a P uptake, dry and fresh yields that were
60% higher than with the DAM. For both crops, the yield was also
significantly increased by around 40%-60% when comparing the
DUP to the DAP, indicating that the increased P solubility due to
the acidification also had a significant effect on yield.

The phosphorus MFE of the DSF can be relatively high, reaching
up to 80% (Brod 2018). In this study, the MFE for DUM in onion
was 61%, whereas for pea, it was 88% when mixed with the soil.
However, for the DAP, these values were 126% and 146% in terms

of P uptake for onions and peas, respectively, making the treat-
ments considerably more effective than the TSP. We speculate
that this could be due to two reasons. The first is that the DSF
contains plant nutrients other than P (Table 1). Thus, although
we tried to avoid nutrient limitations by applying all essential
nutrients (except P) in sufficient amounts for plant growth, we
cannot exclude that other elements applied with the acidified DSF
may have increased the plant growth and, consequently, the P
uptake. However, we did not observe considerable differences in
terms of nutrient contents between DAP and TSP (Tables 4 and 5;
Tables S3 and S4). Another possibility is that the TSP was only
applied mixed with the soil top layer, which may have resulted
in a lower P uptake and plant growth compared to a treatment
where TSP would have been applied placed close to the seeds.
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In this study, phosphorus was mixed into the top soil layer to
simulate a broadcast application of mineral P fertilizer, a common
agricultural practice in Denmark. As previously discussed, it is
well known that crops tend to respond positively to the localized
application of mineral P fertilizers (Lemming et al. 2016; van der
Bom et al. 2023). Therefore, the application method of the TSP
may have reduced its P uptake, which was lower than that of the
DAP.

Acidification is a treatment known to effectively increase the P
solubility and availability of biowastes (Fangueiro, Hjorth, and
Gioelli 2015; Keskinen et al. 2023; Kopp et al. 2023; Zireeni, Jones,
and Chadwick 2023). Regueiro et al. (2020) conducted a study in
which they cultivated maize using untreated and acidified DSFs
placed in a layer 10-12 cm below the soil surface. At 35 days after
sowing, they observed that the acidified treatment significantly
increased P uptake compared to the untreated treatment (from
12.5 to 18.5 mg of P per plant). However, they did not find
significant differences in shoot dry matter.

This could be explained by the fact that in the early stages, crops
tend to have a higher rate of P uptake than growth rate, leading
to P accumulation in their tissues (Romer and Schilling 1986). For
example, in the case of onions, the highest P uptake rate typically
occurs around 40 DAT, whereas the highest growth rate is usually
achieved between 60 and 80 DAT (Thangasamy 2016). A similar
pattern is observed in peas, where the P uptake rates are higher in
the first 30 days after sowing, followed by increased shoot growth
after this period, which results in a decrease in P content in the
shoots over time (Minaf and Lasttivka 1969).

In this study, it was evident that the treatments receiving the
untreated and acidified DSF placed close to the seeds followed
this pattern, as at the time of harvest, the N and P contents in
the shoots were relatively low. This is probably because the plants
had entered the senescence stage, and most of the N and P had
been transported from the shoots to the grains. Consequently, at
harvest, most of the P in peas was in the grains, and no significant
differences were observed in terms of P uptake in the shoots
(Figure 3). It is worth noting that pot experiments, which are
often conducted over short periods (i.e., 4-6 weeks) to assess
different biowaste fertilization treatments and strategies, often
show significant differences in terms of P uptake or P contents
in the shoots. However, these experiments do not consistently
observe differences in terms of shoot biomass (Christiansen et al.
2020; Lemming et al. 2016; Regueiro et al. 2020; Wang, Jensen, and
Magid 2016). Therefore, on the basis of the preceding discussion,
it can be assumed that higher P uptake and concentrations in the
early stages are likely to result in higher yields at harvest and can
be considered better parameters for assessing fertilizer efficiency.

For MBM, the following treatments showed significantly higher
yields and P uptake compared to the untreated placement: AM,
AP, and UM. Notably, the MUP treatment showed significantly
lower yields even compared to the negative control, suggesting
that it may have had a toxic effect on the plant, reducing yield, as
illustrated in Figure 1. In previous studies, we have demonstrated
that placing MBM in the soil creates an ammonium toxicity
zone, inhibiting root growth within a 20-30 mm radius around
the placement zone (unpublished data). As shown by Sica et al.
(2023), when untreated MBM is placed in the soil, P diffusion

is limited to a distance of 2-3 mm from the placement zone. In
contrast, acidified MBM allows P diffusion to cover significantly
greater distances, further than the aforementioned toxicity zone.
On the basis of this, we hypothesize that the ammonium toxicity
zone restricts root growth and access to P from untreated MBM
because the roots cannot reach the placement zone. In the case
of acidified MBM, the P can diffuse beyond the toxicity zone,
enabling the plant to access it. Moreover, as we found that for the
MUP, plant growth was even lower than in the negative control,
and phosphorus limitation was most probably not the only factor
constraining growth. It is known that ammonium toxicity has
other negative side effects that stress the plant and inhibit growth,
such as the inhibition of cation uptake (K*, Ca®*, and Mg*"),
intracellular alkalinization, extracellular acidification, disruption
of hormonal homeostasis, increased oxidative stress, and high
energy costs to maintain low levels of cytosolic NH,* content
(Esteban et al. 2016).

Therefore, our findings for the DSF confirm our first hypothesis,
as the placement of the acidified DSF significantly increased the
P uptake and the commercial yield of onions and peas. However,
this was not the case for the MBM, as the acidified MBM mixed
and placed did not differ significantly from the MUM with the
soil.

4.3 | Elemental Content in Bulbs and Grains Dry
Matter (Hypothesis 2)

The second hypothesis tested in this study was that the acidi-
fication will not only solubilize phosphorus but also undesirable
elements (i.e., Cd, Cu, Al), potentially increasing their dry matter
contents in the edible parts of onions and peas.

Both materials used in this study had significantly lower Cd, Cr,
Cu, and Zn contents (Table 1) compared to the limits set by the
Danish executive order for the use of wastes for agricultural pur-
poses (Miljostyrelsen 2018). The limits for heavy metal content in
wastes to be applied as fertilizers are as follows: Cr =100 mg kg™;
Cu = 1000 mg kg~'; Zn = 4000 mg kg~'; and Cd = 0.8 mg kg™
The soil used in this study also had Cd, Cr, Cu, and Zn contents
(Table 1) considerably lower than the limits set by the Danish
ministry: Cr = 30 mg kg™'; Cu = 40 mg kg™'; Zn = 100 mg kg™';
and Cd = 0.5 mg kg™' (Miljestyrelsen 2018). Thus, both the metal
contents in the soil and the materials used in this study are
below the threshold values suggested for lower environmental
and health risks.

Increased levels of undesirable elements in the edible parts of
onions and peas may lead to a higher daily intake of heavy metals
(Marini et al. 2021), such as copper and cadmium. This elevated
intake could potentially result in short- and long-term adverse
effects on human health, including conditions such as diabetes,
cancer, renal dysfunction, and osteoporosis (Schaefer, Dennis,
and Fitzpatrick 2020). Our results, however, indicate that the
contents of Al, Fe, Co, Cu, Zn, and Cd were little or not affected
by the acidification and the placement of DSF and MBM. In
fact, in onion bulbs and pea grains, the levels of Fe, Co, and
Cd were considerably higher for the untreated MBM placed, as
these metal contents were usually negatively correlated with yield
(Tables 3 and 4; Figure S1). This can be explained by the “dilution
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effect in plant nutrition,” as in plants with higher yields, the
nutrients and other elements can be diluted due to the higher
content of carbohydrates (carbon, oxygen, and hydrogen) (Jarrell
and Beverly 1981). The onions fertilized with acidified DSF placed
had a larger diameter (Figure 1; Table S1), and the peas also
tended to have more grains per plant for this treatment (Tables
S1 and S2). Thus, the placement of acidified DSF significantly
increased the yield without increasing the content of undesirable
elements.

The application method and acidification also had minimal or no
effects on the contents of macronutrients and micronutrients in
onion bulbs and pea grains, including nitrogen (protein/amino
acids) (Wu 2016), phosphorus (Calvo, Moshfegh, and Tucker
2014), potassium (He and MacGregor 2008), calcium (Li et al.
2018), and zinc (Chasapis et al. 2012), which are essential and
beneficial for human health. In our study, calcium was the only
element with a positive correlation with yield. In legumes, this
positive correlation between calcium content in the grains and
yield has also been observed in other studies (Ribeiro et al.
2013; Sica et al. 2021). According to Domingues et al. (2016), the
increase in calcium concentration in the grains is related to a high
calcium bioavailability in the soil. In our study, both materials had
high calcium contents (Table 1), and the acidification may have
dissolved this calcium, making it also more available to the plant.
This is confirmed by the fact that, for pea, the acidification had a
significant effect on calcium uptake on grains and shoots.

Previous studies have shown that phosphorus fertilization and
placement of mineral phosphorus fertilizers have no effect on
the nutritional quality of pea grain, especially in terms of
protein content (Gubbels 1992; Henry, Slinkard, and Hogg 1995).
However, in our study, for peas, the placement of DSF untreated
and acidified led to a significant reduction in N and P contents
in the grains, as these elements were negatively correlated with
yield. This may indicate that for pea, these elements are affected
by the dilution effect previously discussed (Jarrell and Beverly
1981), which is known to occur frequently in legumes, as the yield
is negatively correlated with protein content (Sica et al. 2021),
which indicates that increasing yield in legumes may imply in a
commercial production with lower protein content.

Therefore, on the basis of our results and the previous discussion,
our second hypothesis can be rejected. Although the acidification
may increase the solubility of undesirable elements, the increased
P solubility increased the P uptake and commercial yields of both
crops, which diluted the element contents in the dry matter of
the bulbs and grains, resulting in no significant difference to the
untreated treatments.

5 | Conclusions

In conclusion, the acidification process effectively increased
phosphorus solubility from both materials; however, it did not
necessarily result in an increase in P availability for MBM.
Regarding our first hypothesis, the placement of acidified DSF
significantly increased phosphorus uptake and commercial yields
for both crops. However, this effect was not observed for acidified
MBM, indicating a nuanced response influenced by the specific
material composition, probably a high nitrogen content, which

may have created an ammonium toxicity zone around the
placement area, inhibiting plant growth.

Concerning our second hypothesis, which suggested an increase
in the dry matter contents of undesirable elements (Cd, Cu, Al)
due to acidification, our findings contradicted this assumption.
The increased P solubility associated with acidification led to
higher P uptake and commercial yields, diluting the concentra-
tions of undesirable elements in bulbs and grains. Notably, the
content of undesirable elements did not significantly differ from
the untreated treatments, except for MBM, where the untreated
material placed had significantly lower yields and higher element
contents in dry matter for both crops.

These results highlight the complexity of nutrient interactions
and emphasize the importance of considering both material
characteristics and crop responses in biowaste application strate-
gies. Therefore, the placement of acidified DSF can increase
its P fertilizer value, with no effects on the contents of unde-
sirable elements in the dry matter of pea grains and onion
bulbs.

Acknowledgments

This project has received funding from the “European Union’s Horizon
2020 research and innovation program under the Marie Sklodowska-Curie
grant agreement No.860127”.

Data Availability Statement

The data that support the findings of this study are openly available in the
Electronic Research Data Archive from the University of Copenhagen. A
link with DOI will be provided after acceptance.

References

Brewster, J. L. 2009. Onions and Other Vegetable Alliums. Wallingford:
CAB Publishing.

Brod, E. 2018. Manure-Based Rrecycling Fertilisers: A Literature Review
of Treatment Technologies and Their Effect on Phosphorus Fertilisation
Effects. NIBIO Rapport. Shanghai: NIBIO.

Brod, E., A. F. Qgaard, E. Hansen, D. Wragg, T. K. Haraldsen, and T.
Krogstad. 2015a. “Waste Products as Alternative Phosphorus Fertilisers
Part I: Inorganic P Species Affect Fertilisation Effects Depending on Soil
pH.” Nutrient Cycling in Agroecosystems 103: 167-185. https://doi.org/10.
1007/s10705-015-9734-1.

Brod, E., A. F. Ogaard, T. K. Haraldsen, and T. Krogstad. 2015b.
“Waste Products as Alternative Phosphorus Fertilisers Part II: Predicting
P Fertilisation Effects by Chemical Extraction.” Nutrient Cycling in
Agroecosystems 103: 187-199. https://doi.org/10.1007/s10705-015-9731-4.

Calvo, M. S., A.J. Moshfegh, and K. L. Tucker. 2014. “Assessing the Health
Impact of Phosphorus in the Food Supply: Issues and Considerations.”
Advances in Nutrition 5, no. 1: 104-113. https://doi.org/10.3945/an.113.
004861.

Chasapis, C. T., A. C. Loutsidou, C. A. Spiliopoulou, and M. E. Stefanidou.
2012. “Zinc and Human Health: An Update.” Archives of Toxicology 86:
521-534. https://doi.org/10.1007/s00204-011-0775-1.

Christiansen, N. H., P. Serensen, R. Labouriau, B. T. Christensen, and
G. H. Rubak. 2020. “Characterizing Phosphorus Availability in Waste
Products by Chemical Extractions and Plant Uptake.” Journal of Plant
Nutrition and Soil Science 183, no. 4: 416-428. https://doi.org/10.1002/jpln.
202000015.

193

85UB017 SUOWIWOD) BRI 3|dedl|dde auy AG peupA0b 8 S9pie O 8sn 0 S3|ni o4 Akeiq 1 8UIIUO AB|1/W UO (SUOIIPUOD-PUR-SLLIBYWO A3 | 1M Afelq 1 [pul U0/, SARY) SUORIPUOD pue SWe L 84} 885 *[520¢/TT/L0] uo ARiqiiauliuo A|im ‘seded Aq 95100£202 uld(/200T 0T/10p/wiod: A3 1M Aiqpuljuo//sdiy WOl pepeo|umoq ‘g ‘G202 ‘v2922esT


https://doi.org/10.1007/s10705-015-9734-1
https://doi.org/10.1007/s10705-015-9731-4
https://doi.org/10.3945/an.113.004861
https://doi.org/10.1007/s00204-011-0775-1
https://doi.org/10.1002/jpln.202000015

Chuda, A., and K. Zieminski. 2021. “Digestate Mechanical Separation in
Industrial Conditions: Efficiency Profiles and Fertilising Potential.” Waste
Management 128: 167-178. https://doi.org/10.1016/j.wasman.2021.04.049.

Cooke, G. W. 1949a. “Placement of Fertilizers for Row Crops.” Jour-
nal of Agricultural Science 39, no. 4: 359-373. https://doi.org/10.1017/
50021859600004639.

Cooke, G. W.1949b. “Placement of Fertilizer for Potatoes.” Journal of Agri-
cultural Science 39: 96-103. https://doi.org/10.1017/S0021859600004342.

Cooke, G. W. 1951. “Placement of Fertilizers for Sugar Beet.” Jour-
nal of Agricultural Science 41, no. 1-2: 174-178. https://doi.org/10.1017/
50021859600058664.

Cooke, G. W. 1954. “Recent Advances in Fertilizer Placement II Fertilizer
Placement in England.” Journal of the Science of Food and Agriculture 5,
no. 9: 429-440. https://doi.org/10.1002/jsfa.2740050907.

Cooke, G. W., M. V. Jackson, F. V. Widdowson, J. C. Wilcox, and
N. D. Goodway. 1956. “Fertilizer Placement for Horticultural Crops.”
Journal of Agricultural Science 47, no. 2: 249-256. https://doi.org/10.1017/
S50021859600040181.

Damaceno, J. B. D.,, A. C. Nina Lobato, R. T. D. Gama, et al. 2019.
“Agronomic Efficiency of Bone Meal Under Acidification in Brachiaria
ruziziensis Dry Matter Production in Western Amazon.” Journal of
Experimental Agriculture International 34, no. 4: 1-7. https://doi.org/10.
9734/JEAI1/2019/v34i430182.

Domingues, L. D. S., N. D. Ribeiro, J. L. Andriolo, M. T. D. F. Possobom,
and A. E. M. Zemolin. 2016. “Growth, Grain Yield and Calcium, Potassium
and Magnesium Accumulation in Common Bean Plants as Related to
Calcium Nutrition.” Acta Scientiarum Agronomy 38: 207-217. https://doi.
org/10.4025/actasciagron.v38i2.27757.

Esteban, R., I. Ariz, C. Cruz, and J. F. Moran. 2016. “Mechanisms of
Ammonium Toxicity and the Quest for Tolerance.” Plant Science 248:
92-101. https://doi.org/10.1016/j.plantsci.2016.04.008.

Fangueiro, D., M. Hjorth, and F. Gioelli. 2015. “Acidification of Animal
Slurry-A Review.” Journal of Environmental Management 149: 46-56.
https://doi.org/10.1016/J.JENVMAN.2014.10.001.

Gomez-Munoz, B., L. S. Jensen, A. De Neergaard, A. E. Richardson, and J.
Magid. 2018. “Effects of Penicillium bilaii on Maize Growth Are Mediated
by Available Phosphorus.” Plant and Soil 431: 159-173. https://doi.org/10.
1007/s11104-018-3756-9.

Goswami, S., and S. Kalidas-Singh. 2023. “Localized Phosphorus Appli-
cation for Onion Cultivation (Allium cepa L.): Seedling Root Dip in
P-Enriched Soil Slurry.” Journal of Soil Science and Plant Nutrition 23, no.
4: 5962-5974. https://doi.org/10.1007/s42729-023-01454-6.

Gubbels, G. H. 1992. “Effect of Phosphorus Rate and Placement on the
Yield and Cooking Quality of Field Pea.” Canadian Journal of Plant
Science 72, no. 1: 251-255. https://doi.org/10.4141/cjps92-029.

He, F.J., and G. A. MacGregor. 2008. “Beneficial Effects of Potassium on
Human Health.” Physiologia Plantarum 133, no. 4: 725-735. https://doi.
org/10.1111/j.1399-3054.2007.01033.x.

Henry,J. L., A. E. Slinkard, and T. J. Hogg. 1995. “The Effect of Phosphorus
Fertilizer on Establishment, Yield and Quality of Pea, Lentil and Faba
Bean.” Canadian Journal of Plant Science 75, no. 2: 395-398. https://doi.
org/10.4141/cjps95- 066.

Jarrell, W. M., and R. B. Beverly. 1981. “The Dilution Effect in Plant
Nutrition Studies.” Advances in Agronomy 34:197-224. https://doi.org/10.
1016/S0065-2113(08)60887-1.

Jeng, A. S., T. K. Haraldsen, A. Grenlund, and P. A. Pedersen. 2007.
“Meat and Bone Meal as Nitrogen and Phosphorus Fertilizer to Cereals
and Rye Grass.” In Advances in Integrated Soil Fertility Management
in Sub-Saharan Africa: Challenges and Opportunities, edited by A.
Bationo, B. Waswa, J. Kihara, and J. Kimetu, 245-253. The Netherlands:
Springer.

Keskinen, R., J. Hyviluoma, J. Nikama, T. Sainio, and K. Ylivainio.
2023. “Improving Plant Availability of Recycled Phosphorus With Organic

Acids.” Environmental Technology & Innovation 32: 103401. https://doi.
org/10.1016/j.ti.2023.103401.

Kivela, J., L. Chen, S. Muurinen, P. Kivijarvi, V. Hintikainen, and J.
Helenius. 2015. “Effects of Meat Bone Meal as Fertilizer on Yield and
Quality of Sugar Beet and Carrot.” Agricultural and Food Science 24, no.
2: 68-83. https://doi.org/10.23986/ AFSCI.8587.

Kopp, C., P. Sica, C. Lu, D. Tobler, L. S. Jensen, and D. Miiller-Stover.
2023. “Increasing Phosphorus Plant Availability From P-Rich Ashes and
Biochars by Acidification With Sulfuric Acid.” Journal of Environmental
Chemical Engineering 11, no. 6: 111489. https://doi.org/10.1016/j.jece.2023.
111489.

Lemming, C., A. Oberson, A. Hund, L. S. Jensen, and J. Magid. 2016.
“Opportunity Costs for Maize Associated With Localised Application
of Sewage Sludge Derived Fertilisers, as Indicated by Early Root and
Phosphorus Uptake Responses.” Plant and Soil 406: 201-217. https://doi.
0rg/10.1007/s11104-016- 2865-6.

Lemming, C., A. Oberson, J. Magid, et al. 2019. “Residual Phosphorus
Availability After Long-Term Soil Application of Organic Waste.” Agricul-
ture, Ecosystems & Environment 270: 65-75. https://doi.org/10.1016/j.agee.
2018.10.009.

Li, K., X. F. Wang, D. Y. Li, et al. 2018. “The Good, the Bad, and the Ugly
of Calcium Supplementation: A Review of Calcium Intake on Human
Health.” Clinical Interventions in Aging 13: 2443-2452. https://doi.org/10.
2147/CIA.S157523.

Liu, J., A. de Neergaard, and L. S. Jensen. 2019. “Increased Retention of
Available Nitrogen During Thermal Drying of Solids of Digested Sewage
Sludge and Manure by Acid and Zeolite Addition.” Waste Management
100: 306-317. https://doi.org/10.1016/J.WASMAN.2019.09.019.

Marini, M., E. Angouria-Tsorochidou, D. Caro, and M. Thomsen. 2021.
“Daily Intake of Heavy Metals and Minerals in Food—A Case Study of
Four Danish Dietary Profiles.” Journal of Cleaner Production 280: 124279.
https://doi.org/10.1016/j.jclepro.2020.124279.

Meyer, G., M. J. Bell, P. M. Kopittke, et al. 2023. “Mobility and Lability of
Phosphorus From Highly Concentrated Fertiliser Bands.” Geoderma 429:
1162438. https://doi.org/10.1016/J.GEODERMA.2022.116248.

Miljestyrelsen. 2018. Executive Order on the Use of Waste for Agri-
cultural Purposes (in Danish). Denmark: Miljestyrelsen. https://www.
retsinformation.dk/eli/lta/2018/1001.

Minat, J., and Z. LastGvka. 1969. “The Dynamics of the Accumulation
of Nitrogen, Phosphorus and Potassium in Maize and Peas in the First
Growth Phases at Constant Mineral Nutrition.” Biologia Plantarum 11, no.
2:149-157. https://doi.org/10.1007/BF02921733.

Moller, K., A. Oberson, E. K. Blinemann, et al. 2018. “Improved Phos-
phorus Recycling in Organic Farming: Navigating Between Constraints.”
Advances in Agronomy 147: 159-237. https://doi.org/10.1016/BS.AGRON.
2017.10.004.

Moller, K. 2015. “Assessment of Alternative Phosphorus Fertilizers for
Organic Farming: Meat and Bone Meal.” IMPROVE-P Factsheet 1-8.
https://orgprints.org/id/eprint/29505/.

Moller, K., and T. Miiller. 2012. “Effects of Anaerobic Digestion on
Digestate Nutrient Availability and Crop Growth: A Review.” Engineering
in Life Sciences 12, no. 3: 242-257. https://doi.org/10.1002/ELSC.201100085.

Oehl, F., E. Frossard, A. Fliessbach, D. Dubois, and A. Oberson. 2004.
“Basal Organic Phosphorus Mineralization in Soils Under Different
Farming Systems.” Soil Biology and Biochemistry 36, no. 4: 667-675.
https://doi.org/10.1016/J.SOILBIO.2003.12.010.

Powers, S., E. Mirsky, A. Bandaranayake, et al. 2020. “Field Pea (Pisum
sativum L.) Shows Genetic Variation in Phosphorus Use Efficiency in
Different P Environments.” Scientific Reports 10, no. 1: 18940. https://doi.
0rg/10.1038/s41598-020-75804-0.

Recena, R., A. M. Garcia-Lépez, J. M. Quintero, et al. 2022. “Assessing the
Phosphorus Demand in European Agricultural Soils Based on the Olsen
Method.” Journal of Cleaner Production 379: 134749. https://doi.org/10.
1016/j.jclepro.2022.134749.

194

Journal of Plant Nutrition and Soil Science, 2025

85UB017 SUOWIWOD) BRI 3|dedl|dde auy AG peupA0b 8 S9pie O 8sn 0 S3|ni o4 Akeiq 1 8UIIUO AB|1/W UO (SUOIIPUOD-PUR-SLLIBYWO A3 | 1M Afelq 1 [pul U0/, SARY) SUORIPUOD pue SWe L 84} 885 *[520¢/TT/L0] uo ARiqiiauliuo A|im ‘seded Aq 95100£202 uld(/200T 0T/10p/wiod: A3 1M Aiqpuljuo//sdiy WOl pepeo|umoq ‘g ‘G202 ‘v2922esT


https://doi.org/10.1016/j.wasman.2021.04.049
https://doi.org/10.1017/S0021859600004639
https://doi.org/10.1017/S0021859600004342
https://doi.org/10.1017/S0021859600058664
https://doi.org/10.1002/jsfa.2740050907
https://doi.org/10.1017/S0021859600040181
https://doi.org/10.9734/JEAI/2019/v34i430182
https://doi.org/10.4025/actasciagron.v38i2.27757
https://doi.org/10.1016/j.plantsci.2016.04.008
https://doi.org/10.1016/J.JENVMAN.2014.10.001
https://doi.org/10.1007/s11104-018-3756-9
https://doi.org/10.1007/s42729-023-01454-6
https://doi.org/10.4141/cjps92-029
https://doi.org/10.1111/j.1399-3054.2007.01033.x
https://doi.org/10.4141/cjps95-066
https://doi.org/10.1016/S0065-2113(08)60887-1
https://doi.org/10.1016/j.eti.2023.103401
https://doi.org/10.23986/AFSCI.8587
https://doi.org/10.1016/j.jece.2023.111489
https://doi.org/10.1007/s11104-016-2865-6
https://doi.org/10.1016/j.agee.2018.10.009
https://doi.org/10.2147/CIA.S157523
https://doi.org/10.1016/J.WASMAN.2019.09.019
https://doi.org/10.1016/j.jclepro.2020.124279
https://doi.org/10.1016/J.GEODERMA.2022.116248
https://www.retsinformation.dk/eli/lta/2018/1001
https://doi.org/10.1007/BF02921733
https://doi.org/10.1016/BS.AGRON.2017.10.004
https://orgprints.org/id/eprint/29505/
https://doi.org/10.1002/ELSC.201100085
https://doi.org/10.1016/J.SOILBIO.2003.12.010
https://doi.org/10.1038/s41598-020-75804-0
https://doi.org/10.1016/j.jclepro.2022.134749

Regueiro, I., P. Siebert, J. Liu, D. Miiller-Stover, and L. S. Jensen. 2020.
“Acidified Animal Manure Products Combined With a Nitrification
Inhibitor Can Serve as a Starter Fertilizer for Maize.” Agronomy 10, no.
12:1941. https://doi.org/10.3390/agronomy10121941.

Reisch, L., U. Eberle, and S. Lorek. 2013. “Sustainable Food Consump-
tion: An Overview of Contemporary Issues and Policies.” Sustainability:
Science, Practice and Policy 9, no. 2: 7-25. https://doi.org/10.1080/15487733.
2013.11908111.

Ribeiro, N. D., R. B. Mambrin, L. Storck, M. Prigol, and C. W. Nogueira.
2013. “Combined Selection for Grain Yield, Cooking Quality and Minerals
in the Common Bean.” Revista Ciéncia Agronémica 44: 869-877. https://
doi.org/10.1590/S1806-66902013000400025.

Romer, W., and G. Schilling. 1986. “Phosphorus Requirements of the
Wheat Plant in Various Stages of Its Life Cycle.” Plant and Soil 91: 221-229.
http://www.jstor.org/stable/42935699.

Schaefer, H. R., S. Dennis, and S. Fitzpatrick. 2020. “Cadmium: Mitigation
Strategies to Reduce Dietary Exposure.” Journal of Food Science 85, no. 2:
260-267. https://doi.org/10.1111/1750-3841.14997.

Sica, P., A. Galvao, F. Scariolo, et al. 2021. “Effects of Drought on Yield
and Nutraceutical Properties of Beans (Phaseolus spp.) Traditionally
Cultivated in Veneto, Italy.” Horticulturae 7, no. 2: 17. https://doi.org/10.
3390/horticulturae7020017.

Sica, P., C. Kopp, J. Magid, and D. S. Miiller-Stover. 2024. “Placement and
Acidification of Biowastes: Potential Strategies for Improving Phosphorus
Use Efficiency.” Environmental Technology & Innovation 33: 103493.
https://doi.org/10.1016/j.eti.2023.103493.

Sica, P., C. Kopp, D. S. Miiller-Stover, and J. Magid. 2023. “Acidification
and Alkalinization Pretreatments of Biowastes and Their Effect on P
Solubility and Dynamics When Placed in Soil.” Journal of Environmen-
tal Management 333: 117447. https://doi.org/10.1016/J.JENVMAN.2023.
117447.

Sica, P., and J. Magid. 2024. “Placement of Acidified Digestate Solid Frac-
tion as an Efficient Starter Phosphorus Fertilizer for Horticulture Crops.”
Scientia Horticulturae 328: 112961. https://doi.org/10.1016/j.scienta.2024.
112961.

Sica, P., D. Miiller-Stéver, and J. Magid. 2024. “Formulating Efficient P-
Rich Biobased Starter Fertilizers: Effects of Acidification and Pelletizing
on Fertilizer Properties.” Circular Economy 3, no. 4: 100111. https://doi.
0rg/10.1016/j.cec.2024.100111.

Sica, P., F. Scariolo, A. Galvao, et al. 2021. “Molecular Hallmarks,
Agronomic Performances and Seed Nutraceutical Properties to Exploit
Neglected Genetic Resources of Common Beans Grown by Organic
Farming in Two Contrasting Environments.” Frontiers in Plant Science 12:
674985. https://doi.org/10.3389/fpls.2021.674985.

Siegenthaler, M. B., F. Tamburini, E. Frossard, et al. 2020. “A dual
isotopic (32P and 180) incubation study to disentangle mechanisms
controlling phosphorus cycling in soils from a climatic gradient (Kohala,
Hawaii).” Soil Biol Biochem 149: 107920. https://doi.org/10.1016/j.soilbio.
2020.107920.

Sulieman, S., and L. S. P. Tran. 2015. “Phosphorus Homeostasis in Legume
Nodules as an Adaptive Strategy to Phosphorus Deficiency.” Plant Science
239: 36-43. https://doi.org/10.1016/j.plantsci.2015.06.018.

Tambone, F., V. Orzi, G. D’Imporzano, and F. Adani. 2017. “Solid and Lig-
uid Fractionation of Digestate: Mass Balance, Chemical Characterization,
and Agronomic and Environmental Value.” Bioresource Technology 243:
1251-1256. https://doi.org/10.1016/j.biortech.2017.07.130.

Thangasamy, A. 2016. “Quantification of Dry-Matter Accumulation and
Nutrient Uptake Pattern of Short Day Onion (Allium cepa L.).” Commu-
nications in Soil Science and Plant Analysis 47, no. 2: 246-254. https://doi.
0rg/10.1080/00103624.2015.1118116.

Vadez, V., J. H. Lasso, D. P. Beck, and J. J. Drevon. 1999. “Variability of
N,-Fixation in Common Bean (Phaseolus vulgaris L.) Under P Deficiency
Is Related to P Use Efficiency.” Euphytica 106: 231-242. https://doi.org/10.
1023/A:1003512519558.

Valsami-Jones, E., K. V. Ragnarsdottir, A. Putnis, D. Bosbach, A. J. Kemp,
and G. Cressey. 1998. “The Dissolution of Apatite in the Presence of
Aqueous Metal Cations at pH 2-7.” Chemical Geology 151, no. 1-4: 215-233.
https://doi.org/10.1016/S0009-2541(98)00081-3.

van der Bom, F. J., A. Williams, A. K. Borrell, N. Raymond, and M. J. Bell.
2023. “Phosphorus Management Is Key to Effective Deployment of Root
Ideotypes in Complex Soil Environments.” Plant and Soil 489, no. 1: 323-
340. https://doi.org/10.1007/s11104-023-06020-8.

Vermeir, 1., B. Weijters, J. De Houwer, et al. 2020. “Environmentally
Sustainable Food Consumption: A Review and Research Agenda From
a Goal-Directed Perspective.” Frontiers in Psychology 11: 1603. https://doi.
org/10.3389/fpsyg.2020.01603.

Wang, Y., L. S. Jensen, and J. Magid. 2016. “Localized Application of
Sewage Sludge Improved Plant Nitrogen and Phosphorus Uptake by
Rhizobox-Grown Spring Wheat.” Journal of Plant Nutrition and Soil
Science 179, no. 6: 689-695. https://doi.org/10.1002/jpln.201600153.

Wu, G. 2016. “Dietary Protein Intake and Human Health.” Food &
Function 7, no. 3: 1251-1265. https://doi.org/10.1039/C5FO01530H.

Zireeni, Y., D. L. Jones, and D. R. Chadwick. 2023. “Influence of Slurry
Acidification With H,SO,4 on Soil pH, N, P, S, and C Dynamics: Incubation
Experiment.” Environmental Advances 14: 100447. https://doi.org/10.
1016/j.envadv.2023.100447.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

195

85UB017 SUOWIWOD) BRI 3|dedl|dde auy AG peupA0b 8 S9pie O 8sn 0 S3|ni o4 Akeiq 1 8UIIUO AB|1/W UO (SUOIIPUOD-PUR-SLLIBYWO A3 | 1M Afelq 1 [pul U0/, SARY) SUORIPUOD pue SWe L 84} 885 *[520¢/TT/L0] uo ARiqiiauliuo A|im ‘seded Aq 95100£202 uld(/200T 0T/10p/wiod: A3 1M Aiqpuljuo//sdiy WOl pepeo|umoq ‘g ‘G202 ‘v2922esT


https://doi.org/10.3390/agronomy10121941
https://doi.org/10.1080/15487733.2013.11908111
https://doi.org/10.1590/S1806-66902013000400025
http://www.jstor.org/stable/42935699
https://doi.org/10.1111/1750-3841.14997
https://doi.org/10.3390/horticulturae7020017
https://doi.org/10.1016/j.eti.2023.103493
https://doi.org/10.1016/J.JENVMAN.2023.117447
https://doi.org/10.1016/j.scienta.2024.112961
https://doi.org/10.1016/j.cec.2024.100111
https://doi.org/10.3389/fpls.2021.674985
https://doi.org/10.1016/j.soilbio.2020.107920
https://doi.org/10.1016/j.plantsci.2015.06.018
https://doi.org/10.1016/j.biortech.2017.07.130
https://doi.org/10.1080/00103624.2015.1118116
https://doi.org/10.1023/A:1003512519558
https://doi.org/10.1016/S0009-2541(98)00081-3
https://doi.org/10.1007/s11104-023-06020-8
https://doi.org/10.3389/fpsyg.2020.01603
https://doi.org/10.1002/jpln.201600153
https://doi.org/10.1039/C5FO01530H
https://doi.org/10.1016/j.envadv.2023.100447

	Enhancing the Fertilizer Value of Recycled Phosphorus for Horticulture Crops Through Acidification and Placement
	1 | Introduction
	2 | Materials and Methods
	2.1 | Soil
	2.2 | Fertilizers
	2.3 | Experimental Setup
	2.4 | Plant Growth Conditions
	2.5 | Harvest
	2.6 | Plant Analyses
	2.7 | Calculations
	2.8 | Statistics

	3 | Results
	3.1 | Yield
	3.2 | Macronutrient Uptake
	3.3 | Element Content in Dry Matter

	4 | Discussion
	4.1 | Fertilizer Composition and Effects of Treatments on P Solubility
	4.2 | Commercial Yield and Nutrient Uptake (Hypothesis 1)
	4.3 | Elemental Content in Bulbs and Grains Dry Matter (Hypothesis 2)

	5 | Conclusions
	Acknowledgments
	Data Availability Statement

	References
	Supporting Information


