
124 | Original Article

Journal für Kulturpflanzen, 74 (05-06). S. 124–133, 2022 | DOI: 10.5073/JfK.2022.05-06.03 | Zacher et al.

(c) The authors 2022  
This is an Open Access article distributed under the terms of the Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/deed.en). 

Submitted/accepted for publication: 12 October 2021/31 March 2022

Anika Zacher1, Peter Leinweber1, Kerstin Panten2

Sulfur-enriched bone char enhances P uptake by maize in a perennial pot 
experiment
Schwefel-angereicherte Knochenkohle erhöht P-Aufnahme von Mais in einem mehrjährigen 
Gefäßversuch
Affiliations
1University of Rostock, Faculty of Agricultue and Environmental Sciences, Rostock, Germany. 
2Julius Kühn Institute (JKI) – Federal Research Centre for Cultivated Plants, Institute for Crop and Soil Science, Braunschweig, Germany.

Correspondence
Prof. Dr. agr. habil. Peter Leinweber, University of Rostock, Faculty of Agricultue and Environmental Sciences, Justus-von-Liebig-Weg 6, 18059 Rostock, 
Germany, email: peter.leinweber@uni-rostock.de

Abstract
Recycling of phosphorus (P) from slaughterhouse waste, 
production of bone char (BC) and its use as fertilizer is a 
promising approach to close nutrient cycles but the fertilizer 
value of BC is not sufficiently clear. Therefore, two BCs (BC 
and sulfur-enriched BC (BCplus)) were tested in comparison 
with highly water-soluble triple superphosphate (TSP) in a 
perennial pot experiment with maize as test plant with high 
P-requirement. The fertilizers affected both the dry matter 
yields, and the P concentration of maize in the general order 
BCplus, TSP > BC. The P uptake of maize in the TSP treatment 
accounted for 38% of the applied P in the first experimental 
year and decreased subsequently. By contrast, the P uptake in 
the BCplus treatment remained quite stable over time. In con-
clusion, the sulfur-enriched BCplus is able to maintain sufficient 
P availability to crops in the medium term and can be recom-
mended as fertilizer.
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Zusammenfassung
Phosphor (P)-Recycling aus Schlachtabfällen, Herstellung von 
Knochenkohle und deren Einsatz als Dünger ist ein vielver-
sprechender Ansatz zum Schließen von Nährstoffkreisläufen, 
jedoch ist die Düngewirkung der Knochenkohle noch unklar. 
Deshalb wurden zwei Knochenkohlen (Knochenkohle (BC) 
und Knochenkohleplus (BCplus; schwefelangereicherte BC)) im 
Vergleich zu Triplesuperphosphat (TSP) in einem mehrjähri-
gen Gefäßversuch mit Mais als stark P-abhängiger Fruchtart 
getestet. Die untersuchten Düngemittel beeinflussten sowohl 
die Trockenmasse als auch die P-Konzentration von Mais in 
der Reihenfolge BCplus, TSP > BC. Die P-Aufnahme von Mais in 

der TSP-Variante erreichte im ersten Versuchsjahr 38 % des 
applizierten P und nahm in den Folgejahren stetig ab. Die 
P-Aufnahme in der BCplus-Variante blieb dagegen während der 
Versuchsdauer relativ konstant. Daraus folgt, dass der Recy-
cling-P-Dünger BCplus eine ausreichende P-Verfügbarkeit für 
Nutzpflanzen langfristig aufrechterhalten kann.

Stichwörter
Knochenkohle, Phosphor, Phosphorrecycling, Pflanzen­
ernährung

Introduction
Phosphorus (P) is essential for all living organisms. To ensure 
adequate P supply to arable crops, P is mainly applied as min-
eral fertilizer. However, geological deposits of rock phosphate 
for the production of mineral P-fertilizer are limited (Cordell et 
al., 2009; Dawson & Hilton, 2011; Heckenmüller et al., 2014) 
and are often contaminated with toxic heavy metals (Attallah 
et al., 2019). Furthermore, closing nutrient cycles is increas-
ingly of interest from the ecological and economical perspec-
tive and has been defined as one of the elements forming 
the European Green Deal transforming the EU’s economy for 
a sustainable future (Montanarella & Panagos, 2021). There-
fore, alternative P fertilizers are becoming increasingly im-
portant in agricultural production (Simpson et al., 2011; Rob-
erts & Johnston, 2015). One opportunity to conserve natural 
P reserves is the wider use of P-recycling products, like e.g. 
bone char. This is a biochar produced by technical pyrolysis of 
animal bones derived from slaughterhouse waste (Leinweber 
et al., 2019). Bone char is not only rich in minerals such as P, 
calcium (Ca) and magnesium (Mg) but also free of heavy met-
als and pharmaceuticals (Siebers et al., 2013). The solubility 
of P and thereby the plant availability from bone char was 
found to be rather low in initial studies (Siebers et al., 2012; 
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Siebers et al., 2014). However, enriching bone char with re-
duced sulfur (S)-compounds increased the P-solubility in lab-
oratory experiments (e.g., Morshedizad et al., 2016; Zimmer 
et al., 2018). Furthermore, the efficacy of bone char has been 
tested in field and mostly short-term pot experiments (Sie-
bers et. al., 2012; Siebers et al., 2014; Panten & Leinweber, 
2020) but the experimental basis for bone char applications 
as P fertilizer is rather small. Since the P release from bone 
char is slower than from commonly used mineral fertilizer 
(Warren et al., 2009; Siebers et al., 2013; Morshedizad et al., 
2016) we expected rather longer-term effects on the P supply 
and crop yields. To test this hypothesis and generally improve 
the experimental background for recommending bone char, a 
perennial pot experiment (six growing seasons) was set up. A 
soilless system with gravel and sand substrate was chosen to 
avoid overlying effects of soil P and to allow the manual sep-
aration of bone char particles in the experimental course for 
further studies. Because of this substrate, it was not expected 
that phosphorus needs to be taken into account to differen-
tiate between phosphorus available from the substrate and 
from the fertilizer. Therefore, it was decided to use as pos-
itive control the highly water-soluble triple superphosphate 
instead of a negative zero P control for the experiment. Maize 
was chosen as a very P-requiring test crop (Zicker et al., 2018; 
Zicker et al., 2020) and two different bone chars were tested 
in comparison with the highly water-soluble mineral P fertiliz-
er triple superphosphate (TSP). In detail, we aimed at answer-
ing these questions: (1) Do the tested bone chars affect the 
P supply to maize? (2) How do bone chars perform in com-
parison with TSP? (3) How does the P supply vary over time?

Materials and methods

Experimental setup

The pot experiment was designed as a six-year experiment 
(2016-2021) and it was conducted in the open part of an un-
heated greenhouse for the first two years. Because of heavy 
precipitation in 2017, the pots were moved into the covered 
part of the unheated greenhouse, and subsequently watered 
with deionized water on demand. The 300 l-plastic contain-
ers (0.68 m diameter at top) were filled from the bottom to 
the top as follows: 18 cm stones (16-32 mm diameter) as a 
drainage layer, a fleece to prevent substrate material from 
above to shift into the drainage layer, 11  cm coarse gravel, 
4 cm fine gravel and 44 cm sand. This sand had the texture 
1.8% (> 2 mm), 48.0% (2 – 1 mm), 7.9% (1 – 0.63 mm), 33.9% 
(0.63 – 0.2 mm, and 2.4% (< 0.2 mm). To keep a closed nu-
trient cycle surplus rain- and irrigation water was collected 
through a drainage outlet at the bottom of the containers and 
used for subsequent irrigation. Maize (varieties DS 0331 (year 
1-3), KWS Keltikus (year 4), and Limagrain LG 31.227 (year 
5-6)) seeds, treated with MaximXL (Syngenta), was used as 
test crop. Ten seeds were sown per pot and the number of 
plants was reduced to seven after germination.

Treatments were replicated four times, and P fertilizers were 
applied as a stock fertilization for six years to an equivalent of 
600 kg P ha-1 (21.6 g P pot-1). We assumed an annual P uptake 

of 20 kg P ha-1 and an agronomic efficiency of 20%. Treatments 
were (1) bone char (BC) pyrolysed at about 800°C, (2) sur-
face-modified bone char (BCplus) with sulfur compounds from 
biogas streams (patent DE212012000046U1) adding 54.5  g 
S pot-1, and (3) TSP. Fertilizers were used as provided with 
95–100% of the particles bigger than 1 mm and mixed into 
the top 15 cm of the containers. Total concentration of the 
fertilizer elements was determined by extraction with aqua 
regia (VDLUFA, 2000). The concentrations of P (177.4 nm), Ca 
(318.1 nm), K (766.4 nm), Mg (279.0 nm), and Na (589.5 nm) 
were measured by Inductively Coupled Plasma-Optical Emis-
sion Spectrometry (ICP-OES, icap 6000, Thermo Fisher, Cam-
bridge, United Kingdom; wavelength given in parentheses). 
Trace element analyses showed that BC and BCplus had much 
lower concentrations of As, Cd, Cr, Cu, Ni, and U than TSP 
fertilizer (Panten & Leinweber, 2020). Further detailed infor-
mation, such as P- and S-speciation in the applied BCs, was 
published by Zimmer et al. (2018). All other nutrients were 
applied equally and annually to all pots in amounts of 21 g N 
pot-1 (divided in three doses), 6 g Ca pot-1 (before seeding), 
10 g of K pot-1 (divided in two doses), 2 g S pot-1 (divided in 
two doses), 2 g Mg pot-1 (divided in two doses), and 8, 8, 1.6, 
4, 0.8, 80 mg pot-1 of Zn, Mn, Cu, B, Mo and Fe, respective-
ly (divided in two doses). The first dose of these nutrient el-
ements was applied at seeding (N, K, S, Mg, Zn, Mn, Cu, B, 
Mo, and Fe), the second dose directly after the cutting of the 
maize plants at BBCH 32 (N, K, S, Mg, Zn, Mn, Cu, B, Mo, and 
Fe), and finally a third dose of N was applied during flowering.

Sampling and analyses

Each year two samplings were performed in six vegetation 
periods (2016 – 2021): at BBCH stage 32, two plants were 
taken for intermediate harvest and the remaining five plants 
were taken for harvest at BBCH 85. To determine plant dry 
matter yield the samples were dried at 60°C until constant 
weight in a ventilated oven. Dried samples were ground 
≤ 0.5 mm with an ultracentrifugal mill (Retsch ZM 100 or 200, 
42781 Haan, Germany). About 0.5 g of plant material was di-
gested with 6 ml nitric acid and 1.5 ml hydrogen peroxide in a 
microwave (CEM MARS, Metthews, USA). Total element con-
centrations were determined by ICP-OES (icap 6000, Thermo 
Fisher, Cambridge, United Kingdom): P (177.4 nm), K (766.4) 
nm, Ca (317.9 nm), Mg (280.2 nm), Mn (257.6 nm) and Zn 
(218.3  nm). Contents of total carbon, nitrogen and sulfur 
(C, N, S) were determined in a 10  mg subsample using the 
CNS-analyser (Vario EL cube, Elementar Analysensysteme 
GmbH, 63505 Langenselbold, Germany).

Data and statistical evaluation

Data were tested for normal distribution using the Shap-
iro-Wilk test. In case of normal distribution, significance of P 
fertilizers was tested using one-way analysis of variance (ANO-
VA, Tukey test). Non-normal distributed data were analysed 
with the Kruskal-Wallis-test. Differences were considered sig-
nificant at p ≤ 0.05. Statistical analyses were performed with 
R version 3.6.1 (R Core Team, 2019) and R package agricolae 
version 1.3-1 (De Mendiburu, 2016).
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Results
There were significant differences in dry matter of maize, 
both in whole plants at BBCH 32 and in straw and grain yields 
at BBCH 85 in six experimental years (2016 – 2021) (Tables 1 
and 2). The fertilizer type affected the dry matter yields and 
often followed the order BCplus, TSP > BC. The yield compo-
nent “thousand grain weight” of maize at BBCH 85 was low-
est in the BC-treatments, while weights were similar in the 
BCplus and TSP treatments (Tables 1 and 2).

The P concentrations showed the order BCplus, TSP  >  BC at 
most of the sampling dates (Tables 1 and 2). The concentra-
tions of other nutrient elements remained stable during the 
duration of the experiment (Table S1).

The total P uptake of maize, cumulated for each experimental 
year, ranged from 0.05 g per pot (2021, BC) to 8.67 g per pot 
(2016, TSP) (Fig. 1). The BC treatments had lowest P uptake 
in each experimental year. The TSP and the BCplus treatments 

showed opposite developments for the P uptake along the 
experimental years. While TSP application caused a higher P 
uptake than BCplus in 2016 it was the other way around since 
2019. The values were similar for both treatments in 2017 
and 2018.

Discussion
The highest yields in the first experimental year 2016, follow-
ing the order TSP > BCplus > BC (Table 1), indicate that P sup-
ply was a yield-limiting factor, which is not surprising for the 
P-poor substrate. The general order, BCplus, TSP  >  BC in the 
following samplings (Tables 1 and 2) confirms findings in a pot 
experiment conducted by Zimmer et al. (2019), in which TSP 
and BCplus caused insignificantly higher ryegrass yields com-
pared to BC or zero P. Different from this, Panten & Leinweber 
(2020) did not report P fertilizer effects on grain yield in a five-
year field experiment. In that study, BC and BCplus reached 97 

Table 1. Mean yield components (dry matter (g) and thousand grain weight (g)) and phosphorus concentration of maize in a pot experi-
ment at BBCH 32 and 85 in 2016 – 2018 as affected by type of P-fertilizer (TSP (triple superphosphate), BC (bone char), BCplus (sulfur en-
riched bone char). Low letters indicate significant differences (standard deviation in brackets, p < 0.05, Kruskal-Wallis test or Tukey test in 
dependence of normal distribution of data).

year BBCH 
maize

harvest fertilizer 
type

dry matter (g) thousand grain weight 
(g)

P (g kg-1)

2016 32 whole plant TSP 11.68 (1.23) a - - 11.14 (0.71) a
BC 1.17 (0.61) c - - 1.32 (0.29) c
BCplus 4.57 (1.52) b - - 4.26 (1.44) b

85 straw TSP 933.36 (175.57) a - - 3.76 (0.30) a
BC 258.20 (153.45) b - - 1.33 (0.32) c
BCplus 885.18 (42.40) a - - 0.79 (0.22) b

grain TSP 1090.29 (510.09) a 221.87 (27.61) a 3.09 (0.07) a
BC 227.79 (240.90) b 162.04 (18.18) b 2.96 (0.55) a
BCplus 999.85 (327.53) a 233.91 (10.20) a 2.81 (0.24) a

2017 32 whole plant TSP 18.76 (4.61) a - - 4.59 (1.34) a
BC 6.73 (2.50) b - - 1.80 (0.08) b
BCplus 14.09 (5.93) ab - - 4.08 (0.31) a

85 straw TSP 636.65 (52.57) a - - 1.64 (0.88) a
BC 461.57 (39.19) b - - 0.48 (0.07) b
BCplus 679.77 (35.18) a - - 1.45 (0.23) ab

grain TSP 673.04 (33.03) a 233.68 (17.22) a 2.75 (0.22) a
BC 276.27 (56.04) b 186.53 (16.53) b 1.88 (0.53) a
BCplus 679.77 (35.18) a 222.96 (7.48) a 2.57 (0.18) a

2018 32 whole plant TSP 21.10 (4.73) ab - - 2.62 (0.21) a
BC 11.44 (5.37) b - - 2.09 (0.38) b
BCplus 23.22 (6.79) a - - 2.88 (0.05) a

85 straw TSP 584.88 (59.62) a - - 0.89 (0.13) ab
BC 370.43 (160.95) a - - 0.65 (0.16) b
BCplus 623.47 (57.53) a - - 1.03 (0.11) a

grain TSP 804.93 (81.72) a 320.47 (18.34) a 2.45 (0.23) a
BC 468.25 (295.61) a 277.44 (32.95) a 1.89 (0.13) b
BCplus 884.39 (51.44 a 315.33 (15.38) a 2.81 (0.18) a
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and 95% of the TSP induced yield, respectively. The similarity 
in yield responses in pot experiments (Table 1 and Zimmer 
et al. (2019)) but difference to the outcome of a field experi-
ment (Panten & Leinweber, 2020) are explained by the differ-
ent conditions, especially rooting zone, exposure to weather 
conditions and the crops grown.

The concentrations of major nutrient elements in maize (Ta-
bles 1 and 2, Supplemental Table 1) were in agreement with 
results by e.g. Ferreira et al. (2014) and Özpinar & Özpinar 
(2009). The P concentrations, generally similar in the BCplus 
and the TSP but above the BC treatments (Tables 1 and 2), 
are explained by the interplay between P-solubility, P uptake 
and biomass formation. Similarly, the concentrations of other 
major nutrient elements reflect the intended non-shortage 
achieved by the annual fertilizer application. The general low 
P-solubility of BC as reported by, e.g., Warren et al. (2009), 
Robinson et al. (2018) and Zimmer et al. (2018) is the best 
explanation for the low P concentration (Tables 1 and 2), P 

uptake (Fig. 1) and yield of maize (Tables 1 and 2) in the BC 
treatments of this experiment.

The temporal decrease in yearly P uptake in the TSP treat-
ments and relative constancy in the BCplus treatments (Fig. 1) 
agrees with Zimmer et al. (2019) who also recorded increased 
P uptake in the BCplus and TSP treatments in comparison to BC. 
The proportions of total applied P, taken up by plants over 
the whole experimental duration, increased in the order BC 
(17.8%) < BCplus (66.2%) < TSP (82.3%). This large exploitation 
of added P, especially in the TSP treatment, is explained by 
the fact that the substrate provided no P at all. In analogy as 
discussed above for the yields, the field experiments by Pant-
en & Leinweber (2020) did not reveal BCplus induced effects 
on P uptake in course of the crop rotation. This disagreement 
between pot and field experiment results can be explained 
by the different crops grown that have species-specific P mo-
bilization strategies (e.g. Palomo et al., 2006; Mat Hassan et 
al., 2012; Maltais-Landry et al., 2014), nutrient uptake and 

Table 2. Mean yield components (dry matter (g) and thousand grain weight (g)) and phosphorus concentration of maize in a pot experi-
ment at BBCH 32 and 85 in 2019 – 2021 as affected by type of P-fertilizer (TSP (triple superphosphate), BC (bone char), BCplus (sulfur en-
riched bone char). Low letters indicate significant differences (standard deviation in brackets, p < 0.05, Kruskal-Wallis test or Tukey test in 
dependence of normal distribution of data).

year BBCH 
maize

harvest fertilizer 
type

dry matter (g) thousand grain weight 
(g)

P (g kg-1)

2019 32 whole plant TSP 35.40 (9.30) a - - 2.06 (0.25) a
BC 9.60 (9.61) b - - 1.52 (0.16) b
BCplus 33.37 (5.25) a - - 2.25 (0.15) a

85 straw TSP 698.18 (84.78) a - - 0.84 (0.25) ab
BC 257.97 (225.55) b - - 0.56 (0.08) b
BCplus 782.35 (62.72) a - - 1.15 (0.12) a

grain TSP 366.63 (44.65) a 285.59 (9.16) a 2.30 (0.11) b
BC 131.15 (105.51) b 164.43 (85.89) b 2.21 (0.47) b
BCplus 278.98 (65.06) ab 298.82 (54.20) a 3.01 (0.24) a

2020 32 whole plant TSP 19.10 (5.55) a - - 2.31 (0.13) b
BC 3.29 (0.86) b - - 1.35 (0.40) c
BCplus 24.23 (7.63) a - - 2.58 (0.07) a

85 straw TSP 506.20 (47.72) a - - 0.46 (0.13) a
BC 158.40 (102.70) b - - 0.74 (0.21) a
BCplus 617.39 (46.98) a - - 0.51 (0.17) a

grain TSP 641.69 (35.60) a 264.40 (10.55) b 1.67 (0.24) a
BC 155.86 (139.64) b 141.13 (64.58) c 2.29 (0.78) a
BCplus 617.39 (46.98) a 284.93 (8.04) a 2.49 (0.28) a

2021 32 whole plant TSP 37.55 (5.33) a - - 2.04 (0.13) b
BC 3.20 (0.89) b - - 1.67 (0.18) b
BCplus 34.21 (9.16) a - - 2.49 (0.26) a

85 straw TSP 406.96 (65.27) b - - 0.81 (0.07) b
BC 113.24 (143.59) c - - 1.00 (0.05) a
BCplus 504.45 (36.33) a - - 0.88 (0.04) b

grain TSP 537.84 (48.77) a 257.19 (18.40) a 1.54 (0.10) a
BC 47.13 (76.51) b 108.60 (44.88) b 1.85 (0.24) a
BCplus 556.39 (115.96) a 245.94 (31.97) a 1.70 (0.21) a
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biomass formation in addition to the above discussed effects 
of growth conditions.

The higher P concentrations and P uptake in the TSP and BCplus 
treatments compared to BC (Fig. 1), that agreed with higher 
yields (Tables 1 and 2), are first of all proving the P demand 
of the maize crops that was not met by the experimental 
substrate. The high P uptake in the TSP treatment plausibly 
is caused by the P solubility in substrate, as previously ex-
plained by Zimmer et al. (2019). The decreased P uptake in 
the TSP treatment from year to year probably originates from 
the very high P uptake of 38% of the applied P in the first ex-
perimental year that likely resulted in a comparably low level 
of internal P cycling. Because of the soilless substrate, no P 
except the applied P at the beginning of the experiment be-
came plant available. Additionally, P was applied intentionally 
only at the beginning of the experiment, even though it is 
well known that in soils with a good P status yield gains also 
can be achieved by freshly applied P (Buczko et al., 2018). 
The increased P uptake in BCplus with duration of the experi-
ment probably is due to the so-called “in situ digestion effect” 
(Fan et al., 2012) from the oxidizing S-compounds of BCplus. 
Biological oxidation of S even in the non-sterile gravel sub-
strate by active S-oxidizing bacteria (Chaudhary et al., 2019), 
formation of H2SO4 and the resulting pH decrease in soil may 
have stimulated the destruction of bioapatite and release of 
P from the BCplus particles. This effect became more impor-
tant with longer duration of a P experiment in the laboratory 
(Morshedizad et al., 2016).

Conclusions
The perennial pot experiment conducted in the present study 
was useful to assess the effects of different P-fertilizers (triple 
superphosphate (TSP), bone char (BC) and sulfur-enriched 

bone char (BCplus)) on yield parameters, P concentration and 
P uptake of maize.

(1)	Since sulfur-enriched BCplus increased yield and P supply to 
maize in comparison to BC the “in situ digestion“ by add-
ed S is necessary to make bone char a potential P sources 
in a closed loop cycling economy.

(2)	From the two BCs under study the BCplus showed similar 
P supply to maize as TSP, except in the first experimental 
year. On the contrary, untreated BC supplied minor and 
fluctuating amounts of P to maize. Therefore, this mate-
rial cannot be recommended as fertilizer to P demanding 
crops.

(3)	The decreased P-supply to maize in the TSP treatment and 
the constant P-supply in the BCplus treatment conclusive-
ly demonstrates that BCplus can be considered as a mod-
erately slow-release P fertilizer. Therefore, a P recycling 
economy essentially must involve a low-cost, dissolution 
supporting S-enrichment to BCs to produce a long-term P 
fertilizer.

(4)	Forthcoming studies are directed to better understand 
the dissolution kinetics and microbial processes at the in-
dividual fertilizer particle scale, and the possible duration 
of stock fertilization for different crop rotations.

Acknowledgements
The authors would like to thank two anonymous reviewers 
for their valued comments on an earlier version of this man-
uscript. Thanks also to Gudrun Gebensleben, Marina Kotsch-
new, Frank Przebierala (Julius Kühn-Institute, Braunschweig), 
and Elena Heilmann and Britta Balz (Soil Science, University of 
Rostock) for technical support. This project was funded in the 
frame of the Bioeconomy 2030 initiative of the Federal Minis-
try for Education and Research (BMBF; call: BonaRes; project 

Figure 1. Mean cumulated P uptake (sum of harvests at BBCH 32 [whole plant] and 85 [straw + grain]) and standard deviations (g per pot) 
of maize in a pot experiment in 2016 – 2021 as affected by type of P-fertilizer (TSP: triple superphosphate), BC: bone char), BCplus: sulfur 
enriched bone char). Low letters indicate significant differences (p < 0.05, Kruskal-Wallis test or Tukey test in dependence of normal dis-
tribution of data).



Original Article | 129    

Journal für Kulturpflanzen, 74 (05-06). S. 124–133, 2022 | DOI: 10.5073/JfK.2022.05-06.03 | Zacher et al.

InnoSoilPhos: Nos. 031B0509A, 031B1061A [University of 
Rostock], and 031B0509E, 031B1061E [Julius-Kühn-Institute 
Braunschweig]), research data will be made available on the 
BonaRes Data Portal.

Conflicts of interest
The authors declare that they do not have any conflicts of 
interest.

References
Attallah, M.F., S.S. Metwally, S.I. Moussa, M.A. Soliman, 
2019: Environmental impact assessment of phosphate fer­
tilizers and phosphogypsum waste: Elemental and radio­
logical effects. Microchemical Journal 146, 789–797, DOI: 
10.1016/j.microc.2019.02.001.

Buczko, U., M. van Laak, B. Eichler-Löbermann, W. Gans, 
I. Merbach, K. Panten, E. Peiter, T. Reitz, H. Spiegel, S. von 
Tucher, 2018: Re-evaluation of the yield response by phos-
phorus fertilization based on meta-analyses of long-term field 
experiments. Ambio 47 (1), 50-61, DOI: 10.1007/s13280-017-
0971-1.

Chaudhary, S., Tanvi, R. Dhanker, S. Goyal, 2019: Different 
Applications of Sulphur Oxidizing Bacteria: A Review, Interna-
tional Journal of Current Microbiology and Applied Sciences 8 
(11), 770-778, DOI: 10.20546/ijcmas.2019.811.091.

Cordell, D., J.-O. Drangert, S. White, 2009: The story of phos-
phorus: Global food security and food for thought. Global 
Environmental Change 19 (2), 292-305, DOI: 10.1016/j.gloen-
vcha.2008.10.009.

Dawson, C.J., J. Hilton, 2011: Fertiliser availability in a re-
source-limited world: production and recycling of nitrogen 
and phosphorus. Food Policy 36, 14-22, DOI: 10.1016/j.food-
pol.2010.11.012.

De Mendiburu, F., 2016: agricolae: Statistical Procedures for 
Agricultural Research. R package version 1.3-1.

Fan, X., E. Schnug, S. Haneklaus, 2012: In Situ digestion of 
rock phosphates to mobilize plant-available phosphate for 
organic farming. Communications in Soil Science and Plant 
Analysis 43 (17), DOI: 10.1080/00103624.2012.708073.

Ferreira, C.F., A.C.V. Motta, J.Z. Barbosa, N.Z. dos Santos, S. 
Prior, J. Gabardo, 2014: Maize (Zea mays L) cultivars nutrients 
concentration in leaves and stalks, Maydica 59 (1), 65–71.

Heckenmüller, M., D. Narita, G. Klepper, 2014: Global availa-
bility of phosphorus and its implications for global food sup-
ply: An economic overview. EconStor, Kiel Working Papers 
1897, Kiel Institute for the World Economy, Germany, URL: 
http://hdl.handle.net/10419/90630.

Leinweber, P., P. Hagemann, L. Kebelmann, K. Kebelmann, 
M. Morshedizad, 2019: Bone char as a novel phosphorus fer-
tilizer. In: Othake, H., S. Tsuneda (eds.). Phosphorus Recovery 
and Recycling. Springer Nature Singapore Pte Ltd., p. 419-
432, DOI: 10.1007/978-981-10-8031-9_29.

Maltais-Landry, G., K. Scow, E. Brennan, 2014: Soil phospho-
rus mobilization in the rhizosphere of cover crops has little 
effect on phosphorus cycling in California agricultural soils, 
Soil Biology and Biochemistry 78, 255–262, DOI: 10.1016/j.
soilbio.2014.08.013.

Mat Hassan, H., P. Marschner, A. Mc Neill, 2012: Growth, 
P uptake in grain legumes and changes in rhizosphere soil P 
pools. Biology and Fertility of Soils 48, 151–159.

Montanarella, L., P. Panagos, 2021: The relevance of sus-
tainable soil management within the European Green Deal, 
Land Use Policy 100 (104950), DOI: 10.1016/j.landuse-
pol.2020.104950.

Morshedizad, M., D. Zimmer, P. Leinweber, 2016: Effect of 
bonechars on phosphorus-cadmium-interactions as evaluat-
ed by three extraction procedures, Journal of Plant Nutrition 
and Soil Science 179, 388 398, DOI: 10.1002/jpln.201500604, 
2016.

Özpinar, S., A. Özpinar, 2009: Nutrient Concentration and 
Distribution in Maize as Affected by different Tillage Systems 
in the Canakkale Province, Turkey, Journal of Agricultural Ma-
chinery Science 5 (3), 365-368.

Palomo, L., N. Claassen, D.L. Jones, 2006: Differential mobi-
lization of P in the maize rhizosphere by citric acid and potas-
sium citrate, Soil Biology and Biochemistry 38, 683–692, DOI: 
10.1016/j.soilbio.2005.06.019.

Panten, K., P. Leinweber, 2020: Agronomic evaluation of 
bone char as phosphorus fertiliser after five years of consecu-
tive application, Journal für Kulturpflanzen 72, DOI: 10.5073/
JfK.2020.12.02.

R Core Team, 2019: R: A language and environment for sta-
tistical computing, version 3.6.1, R-Foundation for Statistical 
Computing, Vienna, Austria.

Roberts, T.L., A.E. Johnston, 2015: Phosphorus use effi-
ciency and management in agriculture. Resources, Conser-
vation and Recycling 105, 275-281. DOI: 10.1016/j.rescon-
rec.2015.09.013.

Robinson, J.S., K. Baumann, Y. Hu, P. Hagemann, L. Kebel­
mann, P. Leinweber, 2018: Phosphorus transformation in 
plant-based and bio-waste material induced by pyrolysis, Am-
bio, 47, 73-82, DOI: 10.1007/s13280-017-0990-y.

Siebers, N., F. Godlinski, P. Leinweber, 2012: The phosphorus 
fertilizer value of bone char for potatoes, wheat and onions: 
first results. Landbauforschung 62, 59–64.

Siebers, N., J. Kruse, P. Leinweber, 2013: Speciation of phos-
phorus and cadmium in a contaminated soil amended with 
bone char: sequential fractionations and XANES spectrosco-
py. Water, Air & Soil Pollution 224, 1564–1576, DOI: 10.1007/
s11270-013-1564-7.

Siebers, N., F. Godlinski, P. Leinweber, 2014: Bone char as 
phosphorus fertilizer involved in cadmium immobilization 
in lettuce, wheat, and potato cropping. Journal of Plant 
Nutrition and Soil Science 177 (1), 75–83, DOI: 10.1002/
jpln.201300113.

https://www.doi.org/10.1016/j.microc.2019.02.001
https://www.doi.org/10.1007/s13280-017-0971-1
https://www.doi.org/10.1007/s13280-017-0971-1
https://www.doi.org/10.20546/ijcmas.2019.811.091
https://www.doi.org/10.1016/j.gloenvcha.2008.10.009
https://www.doi.org/10.1016/j.gloenvcha.2008.10.009
https://www.doi.org/10.1016/j.foodpol.2010.11.012
https://www.doi.org/10.1016/j.foodpol.2010.11.012
https://www.doi.org/10.1080/00103624.2012.708073
http://hdl.handle.net/10419/90630
https://www.doi.org/10.1007/978-981-10-8031-9_29
https://www.doi.org/10.1016/j.soilbio.2014.08.013
https://www.doi.org/10.1016/j.soilbio.2014.08.013
https://www.doi.org/10.1016/j.landusepol.2020.104950
https://www.doi.org/10.1016/j.landusepol.2020.104950
https://www.doi.org/10.1002/jpln.201500604,
https://www.doi.org/10.1016/j.soilbio.2005.06.019
https://www.doi.org/10.5073/JfK.2020.12.02
https://www.doi.org/10.5073/JfK.2020.12.02
https://www.doi.org/10.1016/j.resconrec.2015.09.013
https://www.doi.org/10.1016/j.resconrec.2015.09.013
https://www.doi.org/10.1007/s13280-017-0990-y
https://www.doi.org/10.1007/s11270-013-1564-7
https://www.doi.org/10.1007/s11270-013-1564-7
https://www.doi.org/10.1002/jpln.201300113
https://www.doi.org/10.1002/jpln.201300113


130 | Original Article

Journal für Kulturpflanzen, 74 (05-06). S. 124–133, 2022 | DOI: 10.5073/JfK.2022.05-06.03 | Zacher et al.

Simpson, R.J., A. Oberson, R.A. Culvenor, M.H. Ryan, E.J. 
Veneklaas, H. Lambers, J.P. Lynch, P.R. Ryan, E. Delhaize, 
F.A. Smith, S.E. Smith, P.R. Harvey, A.E. Richardson, 2011: 
Strategies and agronomic interventions to improve the phos-
phorus-use efficiency of farming systems. Journal of Plant 
Nutrition and Soil Science 349, 89-120, DOI: 10.1007/s11104-
011-0880-1.

VDLUFA, 2000: Methodenbuch II.2 Die Untersuchung von 
Sekundärrohstoffdüngern, Kultursubstraten und Bodenhilfs-
stoffen: Bestimmung des Gesamtphosphors: Aufschluss mit 
Königswasser, 3.2.1.3 (3.2.1.3).

Warren, G. P., J. S. Robinson, E. Someus, 2009: Dissolution of 
phosphorus from animal bone char in 12 soils, Nutrient Cy-
cling in Agroecosystems 84, 167–178, DOI: 10.1007/s10705-
008-9235-6.

Zicker, T., S. v. Tucher, M. Kavka, B. Eichler-Löbermann, 2018: 
Soil test phosphorus as affected by phosphorus budgets in 

two long-term field experiments in Germany, Field Crops Re-
search 218, 158-170, DOI: 10.1016/j.fcr.2018.01.008.

Zicker, T., M. Kavka, S. Bachmann-Pfabe, B. Eichler-Löber­
mann, 2020: Long-term phosphorus supply with undigest-
ed and digested slurries and their agronomic effects under 
field conditions, Biomass and Bioenergy 139, 105665, DOI: 
10.1016/j.biombioe.2020.105665.

Zimmer, D., J. Kruse, N. Siebers, K. Panten, C. Oelschläger, 
M. Warkentin, Y. Hu, L. Zuin, P. Leinweber, 2018: Bone char 
vs. S-enriched bone char: Multi-method characterization 
of bone chars and their transformation in soil. Science of 
The Total Environment 643, 145–156, DOI: 10.1016/j.scito-
tenv.2018.06.076.

Zimmer, D., K. Panten, M. Frank, A. Springer, P. Leinweber, 
2019: Sulfur-enriched bone char as alternative P fertilizer: 
spectroscopic, wet chemical, and yield response evaluation. 
Agriculture 9 (1), 21, DOI: 10.3390/agriculture9010021.

https://www.doi.org/10.1007/s11104-011-0880-1
https://www.doi.org/10.1007/s11104-011-0880-1
https://www.doi.org/10.1007/s10705-008-9235-6
https://www.doi.org/10.1007/s10705-008-9235-6
https://www.doi.org/10.1016/j.fcr.2018.01.008
https://www.doi.org/10.1016/j.biombioe.2020.105665
https://www.doi.org/10.1016/j.scitotenv.2018.06.076
https://www.doi.org/10.1016/j.scitotenv.2018.06.076
https://www.doi.org/10.3390/agriculture9010021

