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Abstract: Biogas residues (BGR) contain a variety of plant nutrients and are, therefore, valuable
fertilizers. However, ammonia (NH3) emissions occur during slurry and BGR application. These
emissions can be reduced by lowering the pH of the BGR. Acidification technology works well for
slurry, but little is known about the effects on fertilizer properties of acidified BGR (ABGR). This study
aimed to examine the impact of acidification on the chemical composition of BGR and its influence
on plant growth of juvenile maize and the soil pH, as well as the soluble soil phosphorous (P) and
manganese (Mn), after application of ABGR. The soluble amount of nutrients in BGR was compared
with that in ABGR. In an outdoor pot experiment, BGR and ABGR were incorporated in soil, and
maize was grown for 8 weeks. Two different BGR P levels were compared with (NH4)2HPO4 and
a control treatment without additional P. BGR acidification increased dissolved amounts of P from
15% to 44%, calcium from 6% to 59%, magnesium from 7% to 37%, and Mn from 2% to 15%. The dry
matter of ABGR-fertilized maize was 34%, 45% higher than that of BGR-fertilized maize. The soluble
Mn content in the soil was 74% higher with the low ABGR dose and 222% higher with the higher
ABGR dose than the BGR treatments. The fertilizer efficiency of ABGR was higher than that of BGR,
indicating that the absolute amount of applied fertilizer could be reduced in systems using ABGR.

Keywords: acidification; biobased fertilizer; nutrient availability; P fertilizer efficiency; starter fertilizer

1. Introduction

Acidification of slurry has long been known to be an effective technique for reducing
ammonia (NH3) emissions in agriculture and improving the N utilization efficiency [1–3].
Nevertheless, the use of this technique has so far been limited to a few countries such as
Denmark and the United Kingdom (UK). However, this changed in 2016, when European
Union (EU) member states became legally obliged to significantly reduce their air pollutant
emissions [4]. In order to achieve these reduction goals, the EU included slurry acidification
in its catalog of measures as one of the best available technologies [5].

The emission reduction works on the principle that acid addition lowers the pH of the
slurry, thereby shifting the dissociation equilibrium between NH3 and ammonium (NH4)
toward NH4, which is not volatile. The reduction of NH3 emissions can range from 15% to
98% depending on the type of slurry, the acid used, and the acidification technique [2,3].
This provides more N for plant nutrition in the field. Sulfuric acid (H2SO4) is usually
used for acidification, which has a double purpose according to Eriksen et al. [6]: reducing
NH3 emissions and providing the crops with sulfur (S). The acidification of pig slurry in
Denmark requires ~5 kg H2SO4·t−1 of slurry to reduce the pH value to 5.5. For the usual
amount of slurry of 30–40 m3, this corresponds to a S quantity of 48–64 kg S·ha−1 [6], in
addition to the quantity of S that is already contained in the slurry. However, considerably
larger S quantities have also been reported. For example, Pedersen et al. [7] reported that
382 kg S·ha−1 was applied as acidified cattle slurry that had been stored for long periods
of time. Seidel et al. [8] reported S application rates of >100 kg S·ha−1 by H2SO4, which
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were applied in addition to the slurry. These S levels exceed the S requirements of crops,
leaving excess S in the agricultural ecosystem.

Acidification of slurry also has further effects on slurry composition. While total
nutrient concentrations of phosphorous (P), calcium (Ca), and magnesium (Mg) remain the
same [9], the dissolved contents of these nutrients are increased by slurry acidification [10],
thereby increasing nutrient availability. Yield-increasing effects after fertilization with
acidified pig slurry, as well as cattle slurry, have been shown in previous research [11,12].

Biogas residues (BGR) are particularly well suited to acidification, as they have an
increased NH3 loss potential because of their high pH values. During anaerobic diges-
tion, the pH of slurry increases by 0.5–2 units because of the formation of ammonium
carbonate ((NH4)2CO3) and the conversion of CO3

2− and 2 H+ to H2O and CO2 [13]. Fur-
thermore, the solubility of some nutrients, especially P, changes during anaerobic digestion.
Güngör et al. [14] found that, in anaerobic digestion of dairy cattle slurry, the proportion
of struvite increased from 43% to 78% of total P. In addition, they found that there was
a simultaneous shift within the Ca–P fractions from the poorly water-soluble brushite
(CaHPO4·2H2O) to the water-insoluble hydroxylapatite (Ca5(PO4)3OH) [14]. Wastewater
research has shown that, during the formation of P, Mg, and Ca crystals, at least seven
different crystalline phases can precipitate [15]. The acidification of BGR is particularly
favorable to reduce this precipitation. However, the effects of acidification on the nutrient
pool of BGR and how this affects the nutrient availability for maize remain unknown. It
can be assumed that the acidification of BGR leads to similar effects as the acidification
of slurry, whereby the required amount of acid is likely to be larger than that for slurry.
Stevens et al. [16] demonstrated that the acid demand correlates positively with the NH4
content in slurry. Furthermore, the amount of acid required to lower the pH value depends
on the complex buffer system in the slurry and BGR. In experiments with pig and cattle
slurry and BGR, Sommer and Husted [17] showed that the buffer system mainly consists
of NH4-N, carbonates, phosphates, and volatile fatty acids.

The aim of the current study was to investigate the effects of BGR acidification on
macro- and micronutrient solubility in BGR and the effects on plant growth, as well as
the nutrient acquisition, in young maize plants fertilized with acidified biogas residues
(ABGR). Two fertilization levels were examined to check whether the increased use of
sulfuric acid (H2SO4) has negative effects on plant growth. We hypothesized the following:
(1) acidification of BGR leads to an increase of the dissolved P-fraction in ABGR; (2)
this leads to a concomitant increase of the dissolved conjugates of P, namely Ca, Mg,
manganese (Mn), iron (Fe), and zinc (Zn); (3) application of ABGR will decrease soil pH;
(4) fertilization leads to a higher biomass production of young maize plants compared
with untreated BGR because of the improved nutrient solubility in ABGR. The results of
this study can help to dispel uncertainties regarding the effects of BGR acidification and,
thus, promote this ammonia emission-reducing technology for practical applications in
agriculture, especially since previous studies always focused on N and/or P. In this study,
the effects of acidification on all essential nutrients are highlighted, because acidification of
BGR creates a new multi-element fertilizer.

2. Materials and Methods
2.1. Digestate Treatment and Analysis

BGR was sampled from an agricultural biogas plant in the federal state of Schleswig-
Holstein, Northern Germany. Substrates of the biogas plant were maize silage, pig slurry,
dry chicken feces, and forage winter rye, which were anaerobically digested for 70 days
under mesophilic conditions (41 ◦C). After sampling, BGR was homogenized with a mixer
and the pH was measured potentiometrically with a pH meter (Orion Model 520A Orion
Research, Boston, MA, USA). Subsamples were acidified from initial pH 8.3 to pH 5.5 by
adding 18 M H2SO4 dropwise under continuous stirring with pH control. Octanol (C8H18O)
was used as a defoaming agent with an application rate of 1 mL·kg−1 ABGR. BGR was
also treated with octanol to compensate for possible effects. For the analyses of nutrients
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in (A)BGR, the method of Dou [18] was modified. After reaching the target pH of 5.5,
samples were freeze-dried (Gamma 1–20 (LMC–2), Martin Christ Gefriertrocknungsan-
lagen GmbH, Osterode am Harz, Germany) and then milled to a fine powder (MM2,
Retsch, Haare, Germany). For total nutrient determination, a digestion with aqua regia was
performed in a microwave oven at 180 ◦C for 20 min (1.800 W, MARS 6, Xpress, CEM,
Matthews, MC, USA). Water-soluble nutrient concentrations were determined after shak-
ing 0.3 g of the freeze-dried ABGR or BGR samples in 30 mL of distilled water for 16 h.
Samples were centrifuged at 2970× g for 25 min (Suprafuge 22/20, Heraeus Sepatech
GmbH, Osterode, Germany) and the supernatant was decanted. The P concentrations
of all extracts were determined photometrically with a continuous flow analyzer (Skalar
Analytical B.V., Breda, the Netherlands) by using the modified molybdenum–ascorbic
acid blue method [19]. The Ca2+, copper (Cu2+), Fe2+, potassium (K+), Mg2+, Mn2+, and
Zn2+ contents were quantified with an atomic absorption spectrometer (AAS 5EA Thermo
Electron S, Carl Zeiss, Jena, Germany). All extractions were performed and analyzed at
least in duplicate.

2.2. Experimental Design of the Pot Experiment

An outdoor pot experiment (covered by a wire cage) was carried out at the exper-
imental station of the Institute of Plant Nutrition and Soil Science, Kiel University, Kiel
(54◦20′50” north (N), 10◦6′55” east (E)). Mitscherlich pots were filled with 6 kg of air-dried
and <4 mm sieved soil, which had a loamy sand texture with 74.7% sand, 16.5% silt, and
8.8% clay. The soil used for the experiment had calcium acetate lactate-extractable P and
K [20] contents of 8.7 and 9.3 mg·100 g−1 soil, respectively, and a CaCl2-extactable Mg
content [21] of 5 mg·100 g−1 soil. The diethylenetriaminepentaacetic acid-extractable mi-
cronutrient contents of boron (B), Cu, Mn, Fe, and Zn, analyzed according to the method
described in Blume [21], were 0.14, 2.1, 65.1, 166.6, and 1.7 mg·kg−1 soil, respectively. Soil
pH measured in CaCl2 solution [21] was 6.6.

The experiment was designed for P because, during the early growth stages of maize,
P can be growth-limiting [22]. The experiment was based on total P (TP) and included two
P application rates of 200 and 400 mg P per pot for NPK treatments, as well as for BGR
and ABGR treatments and a control (NK treatment) without additional P (Table 1). These P
fertilizer rates have been proven in previous studies using 6 kg Mitscherlich pots to study
the fertilizer effects of biobased fertilizers [23–25]. According to the TP concentration in the
BGR, 155 and 310 g of fresh matter (FM) BGR was required for fertilization.

Table 1. Treatment codes and application rates of the applied fertilizers a.

Treatment Code
Total P FM BGR or ABGR DAP NH4SO4 KCl K2SO4

(mg·pot−1) (g·pot−1)

NK 0 0 0 4.76 2.29 2.48
NPK200 200 0 1 3.92 2.29 2.29
BGR200 200 155 0 2.38 1.77 2.07

ABGR200 200 155 0 2.38 1.77 2.07
NPK400 400 0 2 3.07 2.29 2.29
BGR400 400 310 0 0.00 1.25 1.25

ABGR400 400 310 0 0.00 1.25 1.25
a BGR = biogas residue; ABGR = acidified biogas residue; FM = fresh matter; DAP = (NH4)2HPO4.

Mineral fertilizers were applied before filling the pots by mixing the soil and fertilizer
in a mixer. Acidification of BGR was carried out 2 days before sowing by slowly adding
18 M H2SO4 while stirring until the intended pH reached 5.5. Before application, ABGR
pH was readjusted because the pH increased overnight. A total of 17.33 mL H2SO4·kg−1

BGR was used for acidification. One day before sowing, BGR and ABGR were applied to
the soil surface and immediately incorporated into the upper 7 cm of soil.

The pot treatments were set up in a randomized complete block design to consider
possible position effects. Each treatment was carried out in five replicates. Two maize seeds
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(Zea mays L. var. Keops) were sown per pot at 3 cm depth. Five days after germination,
the poorly developed seedlings in each pot were removed, leaving one plant per pot
for the remainder of the trial. The plants were exposed to natural weather conditions.
Irrigation was carried out on demand. Surplus irrigation water and rain could freely drain
through the Mitscherlich pots. Leached water was collected and returned to the plants.
Temperatures during the experiment were monitored with a LogTag Data Logger (Trix-16,
CiK Solutions GmbH, Karlsruhe, Germany). Temperatures ranged from 8.3 to 38 ◦C and
had an average of 20.6 ◦C.

2.3. Plant Sampling and Analysis

Eight weeks after germination, the plants were cut above ground and weighed to
determine the fresh weight. The dry weight (DM) was determined after oven-drying at
65 ◦C until the weight became constant. Afterward, samples were milled to a fine powder
(Cyclotec 1093, Foss Tecator, Höganäs, Sweden) and stored for further analysis.

To determine the total N and S concentrations, 5–10 mg of plant powder was weighed
into tin capsules and measured in duplicate with a CNS elemental analyzer (Flash EA
1112 NCS, Thermo Fisher Scientific, Waltham, MA, USA).

For mineral analysis, 200 mg of plant material was digested with 10 mL of 65% HNO3
(ROTIPURAN® p.a., ISO) in a microwave oven at 190 ◦C for 45 min (1800 W, MARS 6,
Xpress, CEM, Matthews, MC, USA). The Ca2+, Cu2+, Fe2+, K+, Mg2+, Mn2+, and Zn2+

contents were quantified by AAS and the P content was quantified using inductively
coupled plasma-mass spectrometry (Agilent Technologies 7700 Series, Böblingen, Ger-
many). The reliability of the procedure was checked by analysis of the reference material
(NCS DC 73350). The relative effectiveness (RPE, %) was calculated to rank the P fertiliza-
tion with BGR/ABGR compared with NPK as follows:

RPE =

(
PuptakeBGR/ABGR − PuptakeNK

)
(

PuptakeNPK − PuptakeNK

) × 100. (1)

2.4. Soil Sampling and Analysis

To take a homogeneous soil sample, the entire soil volume of each pot was mixed in a
mixer at the end of the experiment. For analysis of soil pH and all other chemical soil param-
eters, the soil samples were sieved (<2 mm) and then air-dried. Soil pH (1:2.5 CaCl2) [21]
was measured with an Orion Model 520A pH meter (Orion Research, Boston, MA, USA).
The soluble Mn and P compounds of the soil were extracted using the method described by
Houba et al. [26]. For the extraction with 0.01 M CaCl2, 5 g samples of air-dried soil were
shaken for 2 h with 50 mL of CaCl2 solution. The extracts were then filtered through P-free
filter papers (Machery-Nagel, MN 619 G). The Mn content in the extracts was quantified
with AAS (AAS 5EA Thermo Electron S). The P content in the soil extract was measured
photometrically at a wavelength of 880 nm (Skalar Analytical B.V., Breda, the Netherlands)
using the molybdenum blue method described by Murphy and Riley [19].

2.5. Statistics

The statistical software R Version 3.6.0 [27] was used to evaluate the data. The eval-
uation started with the definition of an appropriate statistical mixed model [28,29] for
plant and soil samples and a linear model for BGR. The data were assumed to be normally
distributed and to be heteroscedastic according to a graphical residual analysis. The statis-
tical model for plant and soil samples included the fertilizer variable as the fixed factor,
and the blocks were regarded as random factors. For ABGR, the H2SO4 treatments were
regarded as fixed factors. On the basis of these models, a pseudo R2 was calculated [30]
and an analysis of variance (ANOVA) was conducted, followed by multiple contrast tests
(e.g., [31]) to separately compare the different levels of the influencing factors. Differences
between means were considered statistically significant at the p ≤ 0.05 level.
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3. Results
3.1. Effects of Acidification on BGR Composition

Acidification led to a significant increase of the H2O-soluble macronutrients P, Ca,
and Mg; however, the solubility of K was not affected by acidification (Table 2). In the
case of the analyzed micronutrients, only the Mn solubility was significantly increased.
A significant reduction in H2O-solubility was found in Cu, Fe, and Zn. In addition, the
acidification led to a significant change in the color of the ABGR (Appendix A, Figure A1).

Table 2. Total and H2O-soluble nutrient contents of the analyzed biogas residue (BGR). Values of macronutrients are
given as g·kg DM−1 (dry matter) and micronutrients as µg·g DM−1. Values in parentheses represent the percentage of
H2O-soluble nutrients of total. Asterisks (*** p ≤ 0.001) indicate significant differences between acidified biogas residue
(ABGR) and BGR. n.s, not significant; n.d, not detected. Values are the means of at least two replicates. The standard
deviation is not indicated to improve the readability of the table.

Parameter BGR Total Nutrient Content
BGR ABGR

H2O-Soluble Nutrient Content

DM (%) 8.13 n.d n.d
pH 8.3 8.3 5.5

Total N (g·kg DM−1) 82 n.d n.d
NH4-N (g·kg DM−1) 51.7 n.d n.d

P (g·kg DM−1) 15.9 2.4 (15) 7.1 (44) ***
K (g·kg DM−1) 42.75 40.33 (94) 36.84 (86) n.s
S (g·kg DM−1) 6.06 n.d n.d

Ca (g·kg DM−1) 52.52 3.23 (6) 31.21 (59) ***
Mg (g·kg DM−1) 5.87 0.39 (7) 2.16 (37) ***
Cu (µg·g DM−1) 115.6 47.24 (41) 10.99 (10) ***
Fe (µg·g DM−1) 2637 324 (12) 29 (1) ***
Mn (µg·g DM−1) 405.46 6.5 (2) 60.19 (15) ***
Zn (µg·g DM−1) 353.43 41.49 (12) 9.54 (3) ***

3.2. Effects of the Fertilizers on Soil pH and Soluble Mn and P

The application of ABGR caused a pH reduction of approximately 0.1 units in both
fertilization doses in relation to the initial soil pH (Figure 1A). A similar effect was observed
with mineral fertilization. The NPK treatments and ABGR treatments were in the range of
6.5 at the same soil pH level. Significant increases were found in the BGR treatments in
relation to the initial soil pH. The highest pH increase was shown in BGR400, which was
0.14 units higher than the initial soil pH and 0.24 higher than ABGR400. Throughout the
experiment, the pH of the NK treatment was by far the lowest at 6.2, which corresponds to
a reduction of 0.4 units compared with the initial soil pH.

At the end of the experiment, it was shown that BGR400 and BGR200 in particular led
to a considerable decrease in the soluble Mn content of the soil (Figure 1B). BGR400 had the
lowest concentration with 0.6 mg·kg soil−1, followed by BGR200 with 0.87 mg·kg soil−1.
Fertilization with ABGR increased the soluble soil Mn to 1.5 mg·kg soil−1 in ABGR200 and
1.9 mg·kg soil−1 in ABGR400. However, the soluble soil Mn of ABGR200 was significantly
reduced by 0.69 mg·kg soil−1 compared with NPK200 and by 0.67 mg·kg soil−1 compared
with NPK400.

Post harvest, the soluble P concentration in the soil of the NK treatment was 0.88 mg·kg soil−1,
and significantly lower than all treatments fertilized with P, with the exception of NPK200
(Figure 1C). In both fertilizer rates, the P concentration of the acidified treatments was
higher than in the mineral-fertilized treatments. However, whereas it was only weakly sig-
nificant (p = 0.05), it showed a clear trend in each case. Acidification only caused a significant
increase in the soluble P fraction in ABGR400 compared with the nonacidified BGR400.
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Figure 1. (A) Soil pH (CaCl2) at the end of the experiment. The dashed line corresponds to the initial
soil pH. (B) Soluble Mn. (C) Soluble P. For treatment abbreviations, see Table 1. Different letters
above the box plots indicate significant differences (p ≤ 0.05) between treatments.
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3.3. Plant Biomass

Eight weeks after sowing, the biomass values of all P-receiving treatments were
significantly higher than those of the NK treatment (Figure 2). In addition, the DM value
of ABGR200 was significantly higher than that of NPK200 and BGR200. Fertilization with
ABGR200 resulted in a DM value that was 5 g higher than that of BGR200. The same
pattern was also found in maize plants that were fertilized with 400 mg P·pot−1. The DM
value of ABGR400 was 28 g·pot−1 and was significantly higher than the DM values for
other treatments.
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Figure 2. Shoot biomass of maize plants 8 weeks after germination. Values are means (n = 5) ± SD
(bars). Different letters above the bars indicate significant differences (p ≤ 0.05) between treatments.
For treatment abbreviations, see Table 1.

3.4. Maize Tissue Nutrient Concentrations

Maize plants that were fertilized with BGR400 and ABGR400 had significantly lower
N concentrations than those fertilized with NK, NPK200, and NPK400 (Figure 3A). The P
concentration was influenced neither by mineral fertilization (NPK200, NPK400) nor by BGR
or ABGR fertilization (Figure 3B). All plants fertilized with P had a similar P concentration
level to that of NK (2 mg·g−1). The P concentration was significantly higher than with
NPK200 in the ABGR200 treatment only. Fertilization with ABGR had no significant effect
on K and S concentrations of maize tissue (data not shown).
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differences (p ≤ 0.05) between treatments.

The NPK200 treatment had the lowest Mg concentration at 1.6 mg·g−1 (Figure 3C). In
the BGR treatments, the acidification had no significant effect on the Mg concentration of the
maize plants. However, the acidification of the BGR resulted in a significantly higher Mg
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concentration in both fertilization stages compared with the NPK treatments. Maize plants
grown in the control (NK) treatment had a Ca concentration of 10.3 mg·g−1 DM, which was
significantly higher than those of all other treatments (Figure 3D). Fertilization with 200 mg
P reduced Ca concentration regardless of whether the fertilization was NPK200, BGR200,
or ABGR200. The Ca concentrations of BGR400 and ABGR400 were significantly reduced
compared with those of BGR200 and ABGR200. The BGR400 treatment had the lowest Ca
concentration at 4.5 mg·g−1 DM, which was less than half that of the NK treatment.

Fertilization with BGR had the highest impact on the Mn concentration of maize tissues
(Figure 3E); while the Mn concentration in the NK and NPK200 treatments was around
70 µg·g−1 DM, it was only 35 µg·g−1 in the BGR200 treatment. The ABGR200 treatment had
an Mn concentration of 72 µg·g−1, which was similar to the Mn concentrations of NK and
NPK200. The Mn concentration of BGR400 was 15 µg·g−1, less than half that of BGR200 and
significantly lower than that of all other treatments. Maize plants fertilized with ABGR400
had an Mn concentration of 88 µg·g−1, which was significantly higher than that of all other
treatments except NK and NPK400.

Significant differences in the Zn concentration of maize tissue were also detected
among treatments (Figure 3F). The Zn concentration of NK was 16 µg·g−1, which was sig-
nificantly higher than that of all other treatments. In contrast, the lowest Zn concentrations
were observed in BGR200 (5.3 µg·g−1) and BGR400 (6.5 µg·g−1). Acidification of BGR led
to an increased Zn concentration. Zinc concentrations of ABGR200 and ABGR400 were at
a similar level, with values of 10.7, and 11.7 µg·g−1, respectively. This corresponds to a
doubling of the Zn concentration compared with BGR200 and BGR400.

3.5. Nutrient Uptake and Relative Effectiveness of P Fertilization

Acidification increased N uptake at both fertilizer levels (Table 3). In ABGR200, N
uptake was increased by 93 mg N compared with BGR200; however, this was not statistically
significant (p = 0.07). In ABGR400, acidification led to a significant increase of 183 mg N
compared with BGR400. Compared with NPK, the N uptake was significantly increased by
acidification in both ABGR200 and ABGR400.

Table 3. Nutrient uptake of selected elements of 8 week old maize shoots (n = 5) and ANOVA results for each element.
Different letters in a column indicate significant differences (p ≤ 0.05) between treatments. For treatment abbreviations, see
Table 1.

Treatment
Macronutrient Uptake Micronutrient Uptake

N P K Ca S Mg Mn Fe Zn

(mg·pot−1) (µg·pot−1)

NK 113.8 a 8.3 a 282.2 a 48.4 a 7.8 a 8.9 a 334.9 a 286.5 a 69.8 a
NPK200 269.7 b 26.9 b 788.7 b 105.6 bc 18.7 b 22.6 b 906.1 c 572.5 ab 123.6 b
BGR200 320.5 bc 29.6 bc 973.8 bc 105.3 bc 24.6 bc 30.6 bc 495.6 b 1108.9 c 74.4 a

ABGR200 413.3 cd 47.8 d 1042 bc 146.3 cd 31.8 c 35.9 c 1311.8 cd 1100.8 bcd 209.8 c
NPK400 370.0 bc 38.5 bcd 846.4 b 115.7 c 28.6 c 28.5 bc 1338.3 d 987.3 c 94.3 ab
BGR400 380.2 bc 42.5 cd 1018.5 bc 85.3 b 29.0 bc 36.4 bc 262.8 a 1146.7 bcd 105.9 ab

ABGR400 563.5 d 52.4 d 1526.7 c 172.4 d 45.0 d 58.4 d 2625.9 e 1729.2 d 312.1 d

The RPE (%) P uptake values of BGR and ABGR were then compared with the NPK
treatments. The RPE of the fertilizer treatments decreased in the following order: ABGR200
(212%) > ABGR400 (146%) > BGR400 (122%) > BGR200 (115%). The P uptake of ABGR200
was significantly higher than that of NK, NPK200, and BGR200 and reached the same level
as the 400 mg P treatments.

Fertilization with P had increasing effects on Ca uptake. The Ca uptake of NK was
significantly lower than that of all other treatments, at 48 mg·pot−1 (Table 3). The Ca
uptake values were highest in the ABGR treatments. The increase was especially evident
for ABGR400, where Ca uptake was 172 mg·pot−1, twice as high as that of BGR400. In
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addition, Ca uptake was increased in ABGR200 compared with BGR200, but this increase
was not significant (p = 0.06).

The Mg uptake was significantly lower in the NK than that of all other treatments,
at 8.9 mg·pot−1 (Table 3). The Mg uptake of the ABGR200 treatment (35.9 mg·pot−1)
was significantly higher than that of NPK200 (22.6 mg·pot−1). A similar increasing effect
was also observed in ABGR400, where the Mg uptake was 58.4 mg·pot−1 compared with
29 mg·pot−1 for NPK400. The Mg uptake was also significantly lower in BGR400 compared
with ABGR400.

When maize was fertilized with BGR400, Mn uptake was 72 µg·pot−1 lower than
that of NK and 233 µg·pot−1 lower than that of BGR200 (Table 3). The Mn uptake in
ABGR200 was 406 µg·pot−1 higher than that of NPK200 and 812 µg·pot−1 higher than that
of BGR200. These effects were even more pronounced in the 400 mg P fertilizer treatments.
The Mn uptake of ABGR400 was almost doubled (+1288 µg·pot−1) compared with NPK400
and 10 times higher than that of BGR400 (+2363 µg·pot−1). In addition, the Mn uptake of
ABGR400 was almost double that of ABGR200.

The values of Zn uptake were almost the same among the NK, BGR200, and BGR400
treatments (Table 3). Acidification led to significant increases in Zn uptake in ABGR200
and ABGR400. The Zn uptake was 86 µg·pot−1 higher in ABGR200 than that of NPK200 and
135 µg·pot−1 higher than that of BGR200. The Zn uptake of ABGR400 was 312 µg·pot−1,
three times higher than the values observed for NPK400 and BGR400.

4. Discussion
4.1. Effects of Acidification on BGR Composition

Acidification of BGR increased H2O-soluble P and Ca, suggesting that minerals that
are present under alkaline conditions (e.g., brushite and hydroxylapatite [14]) were de-
composed as a result of lowering the pH to 5.5. We observed an increase of H2O-soluble
P from 15% to 44% of TP. These results correspond well with Regueiro et al. [9], who
found an H2O-soluble P content of 36% in acidified pig slurry, while the dissolved P in the
untreated slurry (pH 7.4) was below the detection limit. Very similar results were obtained
by Pedersen et al. [12] with acidified cattle slurry. In their study, the H2O-soluble P in raw
slurry at pH 6.5 (32%) increased by acidification to pH 5.5 to 69%.

Our results confirm the link between P and Mg. It is known that the mineral struvite
(MgNH4PO4·6 H2O) precipitates in BGR at pH values between 8 and 9 [32], resulting
in a decrease in direct plant availability of P. In turn, as the pH value decreases, these
minerals dissolve again. This was confirmed by the increased H2O-solubilities of Mg,
which amounted to 37% for ABGR and only 7% for BGR. Similar effects on soluble P, Mg,
and Ca in acidified pig slurry were also demonstrated by Hjorth et al. [10]. The results
of our study confirmed our first hypothesis. However, it is important to note that the
increased P solubility of ABGR is only a snapshot. Since the pH increases again during
storage, the solubility would then decrease once more. Regueiro et al. [33] examined the
impact of acidification on slurry composition of pig and dairy slurry and reported that pH
and P solubility returned to the level of untreated slurry after less than 20 days. It can be
assumed that this effect can be transferred to ABGR.

Our second hypothesis can only partially be confirmed. While the proportions of H2O
soluble Ca, Mg, and Mn significantly increased, those of dissolved Cu, Zn, and Fe were
reduced. Hjorth et al. [10] showed that the particle size of pig slurry increased as result of
acidification. Both Cu and Zn are particularly well known for their high affinity to bind
to particles [34]. It can, therefore, be assumed that the reduced solubility of Cu and Zn
was due to an accumulation on bigger particles, which were then removed from the liquid
phase. Comparable effects were also described by Cocolo et al. [35] in acidified pig slurry.
However, this effect appears to be much more pronounced with BGR, because the particle
size is already increased during the anaerobic digestion [36].
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4.2. Acid Demand and Effects of the Fertilizers on Soil

Compared with studies on acidified pig or cattle slurry, the required acid amount was
highest in the present investigation at 17.3 mL of H2SO4 per kg BGR. This is because BGR
has a much higher initial pH and puffer capacity than raw slurries. In a study investigating
acidification of pig and cattle slurry, Stevens et al. [16] reported a significant positive linear
relationship between NH4

+ content and acid demand, and it is well known that the NH4
+

content increases under anaerobic digestion [13]. Sigurnjak et al. [37] reported that 14.7 mL
of H2SO4 was needed per L of codigested waste from the food industry. Hjorth et al. [10]
used 10.6 mL of H2SO4 per kg pig slurry (9.5 L/m3 (recalculated)) for acidification from
pH 7.1 to 5.3, and Pedersen et al. [12] reported that 1.7 mL of H2SO4 was needed per kg
cattle slurry in their experiment, which is only 10% of the acid demand of our experiment.

Our third hypothesis was that the application of ABGR will decrease soil pH. Our
results confirmed this hypothesis. The application of ABGR decreased soil pH to the
same extent as NPK, whereas BGR caused increased soil pH compared with the ini-
tial value (Figure 1A). The pH-increasing effect of BGR reflected the results of Bach-
mann et al. [38], who also found an increased soil pH after application of codigested
dairy slurry. Chen et al. [39] demonstrated that applied BGR acts as a buffer in the soil,
thereby neutralizing the soil pH depending on the initial value. In contrast, Prays and
Kaupenjohann [40] showed that soil pH decreased even under fertilization with alkaline
BGR. Sigurnjak et al. [37] showed that the application of a BGR with pH 8.1 to a soil
with pH of 4.9 had no pH-increasing effect. This differs from our findings, but Sigurn-
jak et al. [37] were also able to show a pH reduction by ABGR; however, acidified pig slurry
had no effect on soil pH in their study. Berg et al. [41] also showed that the application
of pig slurry acidified to pH 4.5 and cattle slurry acidified to pH 5 had no effect on soil
pH. In our experiment, we explained the pH-lowering effect of ABGR on soil as the sum
of the direct impact of the applied sulfate and the increased NH4

+ supplied to the soil.
Regueiro et al. [33] showed that, through acidification with H2SO4, the NH4

+ concentra-
tions of both cattle slurry and pig slurry were still significantly higher than those in the raw
slurry after 60 days. Higher soil NH4

+ concentrations in turn lead to two proton-releasing
processes in soils: (1) nitrification and (2) proton extrusion of roots in exchange for NH4

+

uptake. It should be noted, however, that the soil in our experiment was loamy sand with
high initial pH of 6.6. Another soil with a high buffer capacity is likely to have reacted
differently to fertilization. It should also be considered that this was a pot trial conducted
only over the first 8 weeks of maize development. How these results can be transferred to
a field situation over an entire growing season is, therefore, difficult to transfer.

Fertilization with BGR led to an increase in soil pH and, thus, to a reduction in the
solubility of soil Mn. In northern Germany, the arable soils normally contain considerably
higher Mn than the crop demand; however, unfortunately, most of the Mn is not in a
plant-available form. The amount of Mn available to plants is controlled by, among other
things, the acidity and redox potential of the soil, which has long been known [42]. It
can be surmised that, with decreasing pH value, the amount of available Mn increases.
However, in our case, the treatment with the significantly lowest soil pH (NK) did not have
the highest plant-available quantity of Mn. This can be explained, on the one hand, by the
fact that the organically fertilized treatments also contain Mn (5 mg Mn for BGR/ABGR200
and 10 mg for BGR/ABGR400). On the other hand, Mn could not be classified as a yield-
limiting factor in this experiment, as the available soil Mn concentrations in both NPK
treatments were at the same level or even higher than in the ABGR treatments, although
NPK did not receive additional Mn. However, the NK treatment received the highest
mineral NH4SO4 fertilization, and it is known that this fertilizer increases the availability
of Mn in the soil [43].

4.3. Effects on Plant Growth, Nutrient Concentration, and Nutrient Uptake

Our results show that BGR acidification improved the nutrient supply for maize plants
during the early growth phases, which generates a higher biomass. This is particularly
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important because, due to a high nutrient requirement and a relatively weak developed
root system, maize plants place the highest demands on nutrient supply during the early
stages of their development. This is especially important for P, because P moves in the
soil via diffusion to the plant roots [44]. An increase in the root development of the plants
increases the P uptake. Therefore, at the beginning of P deficiency, root growth is initially
increased until further P deficiency decreases both root and shoot growth [45]. In our study,
we generated comparable DM biomass with 200 mg P from ABGR and with 400 mg P from
untreated BGR. Acidification had no negative effects in the growth of young maize plants.
This outcome is contrary to that of Sigurnjak et al. [37], who found decreased FM yield of
lettuce (Lactuca sativa L.) after fertilization with ABGR.

A dilution effect can clearly be seen in the N concentrations in plant tissue. Our results
show that the plants with the highest biomass growth also had the lowest N concentrations,
although N was conserved in the soil as a result of the acidification. However, acidifica-
tion increased N uptake at both fertilizer levels. A very similar effect, although not as
pronounced as that for N, was observed for P concentration. Although P was much more
soluble in ABGR as a result of acidification, and the soluble P in the acidified treatments
was also increased in the soil at the end of the experiment, no increased P concentrations
were found in the maize plant tissues. These results are consistent with those of Peder-
sen et al. [12], who found no differences in P concentration in maize plants at the seven-leaf
stage fertilized with cattle slurry or acidified cattle slurry.

Since the Mg concentrations and Mg uptake were both significantly higher at both
acidified application rates than in NPK fertilization, it can be assumed that there is an Mg
fertilization effect of struvite in ABGR treatments. Fertilization with struvite can increase
the Mg uptake of crops [46]. The most striking result to emerge from the current study
is that the Mn concentration and Mn uptake of maize fertilized with BGR dramatically
decreased, and the Mn uptake of BGR400 was even lower than that of the unfertilized control
plants. This effect was eliminated efficiently by the acidification of BGR. For maize, Mn
supply tends to play a minor role; however, for wheat and barley, for example, improving
the availability of Mn by acidifying BGR or slurry will be an enormous advantage. This
will be a fruitful area for further research, especially under field conditions in northern
Europe, where Mn deficiency could be a yield-limiting problem.

The very low Ca concentrations and low Ca uptake of the plants can be explained
by the fact that BGR treatments were fertilized with a considerably lower proportion of
soluble Ca compared with ABGR treatments (Table 2). This is because calcite (CaCO3)
precipitation occurs in BGR, since carbonates are present in excess as a result of anaerobic
digestion, and these precipitation processes are mainly controlled by the pH value and
Ca [17]. Bachmann [23] was also able to show that the Ca uptake of 8 week old maize and
amaranth plants fertilized with anaerobic digested cattle slurry was lower than that of
NK and NPK on both sandy and loamy soils. However, in her study, the NPK treatment
was triple superphosphate, whereby additional Ca was applied, whereas the NPK in our
experiment was Ca-free (NH4)2HPO4. It can be assumed, however, that acute Ca deficiency
in the BGR treatments was not the cause of the lower biomass production, as the typical Ca
deficiency symptoms for maize (“buggy-whipping”) were not noticeable.

The results showed that the Zn concentration of ABGR plants at both application
rates was significantly higher than the Zn concentration of BGR. On the one hand, this
is no surprise, because Zn, like most micronutrients, is better available to plants at low
soil pH. On the other hand, Zn was one of the micronutrients whose solubility decreased
when H2SO4 was added to the BGR. It can, therefore, be assumed that the Zn absorbed
by the plants is more likely to come from the soil than from the applied BGR. This is also
supported by the fact that the Zn concentrations were significantly higher in NK than in
all treatments. Sigurnjak et al. [37] observed similar results with acidified pig slurry and
ABGR, which led to higher Zn concentrations in lettuce compared with those in lettuce
grown under untreated slurry or BGR.
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As the S concentration in the maize plants was the same for all treatments (data not
shown), it can be assumed that S did not limit the yield in the pot experiment. Although
S was applied in excess as a result of acidification, the plants did not engage in overcon-
sumption of S. Furthermore, no negative effect on the plants was observed because of the
high application rate of S.

It can be assumed that this effect is not solely based on the increased N efficiency
or increased P availability. Thus, because BGR are mixtures of substances and multiple
nutrient fertilizers, it is difficult to isolate one single yield-promoting effect. Rather, multiple
factors together led to improved plant growth, which confirms our fourth hypothesis.

5. Conclusions

In the future, farmers in the EU will be increasingly forced by law to reduce the appli-
cation of slurry and BGR. For example, in some regions in northern Germany, farmers will
have to reduce their average fertilizer requirements by 20% from 2021 onward. Therefore,
techniques have to be identified to generate consistent or increasing yields with reduced
fertilizer application rates. According to our results, ABGR is a good starter fertilizer for
maize. In both tested fertilization rates, ABGR increased the plant biomass of maize after
8 weeks. Moreover, fertilization with ABGR even exceeded the effect of the tested mineral
P fertilizer, which implies that mineral P fertilizer could potentially be replaced by ABGR.
This can improve the P balance of a forage farm. To decrease the pH of BGR to 5.5, a
significantly larger quantity of H2SO4 is required as for pig or cattle slurry. Although more
H2SO4 was used, no damage to the maize seedlings was observed. However, the pH of
the soil was lowered below its initial value after the application of ABGR, whereas the
pH was not decreased lower than in the mineral P fertilized treatments. Furthermore, Mn
and Zn nutrition of the maize plants was also significantly increased by ABGR application.
In addition to the increasing biomass growth, acidification could also contribute to an
improvement in feed quality of maize silage, as demonstrated by the increased Ca, Mg,
and P uptake. Our results also highlight that fertilization with BGR decreased both Mn
concentration and Mn uptake by maize, which was prevented by ABGR.
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