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both soils at a similar level. The formation of this new 
equilibrium of labile  Po suggests that the rate of  Po 
mineralization was, to some extent, controlled by the 
amount of available legacy P. After the first crop rota-
tion, the effect of P fertilization on soil-P budgets and 
fractions were small and mostly insignificant. Only 
TSP increased the available-P pools in the soil. The 
other pools were not affected by treatments except 
stable-P increased significantly after BC application 
in iSPTC-A. The former laboratory results of higher 
P solubility of  BCplus over BC could not be confirmed 
within the duration of the field trial. However, to 
prove that BC and  BCplus are capable of maintaining 
adequate long-term crop P supply, the continuation of 
this unique field trial is highly recommended.

Keywords Alternative fertilizers · Sequential 
P fractionation · Sulfur · Field trial · Phosphorus 
budgets

Introduction

Phosphorus (P) is essential for plant growth and can-
not be replaced by any other element; thus, it is indis-
pensable for agriculture. About 82% of the mined 
phosphate rock is used for the production of P ferti-
lizers (Scholz and Wellmer, 2013); however, there are 
uncertainties regarding finite P rock reserves (Heck-
enmüller et  al., 2014) and discussions on an uneven 
distribution of deposits. In the European Union, P and 

Abstract Bone char (BC) is a promising P-recy-
cling fertilizer but with rather low P-solubility, which 
can be increased by modifying the BC surface with 
elemental sulfur  (BCplus), but effects on the soil P sta-
tus have not been tested under field conditions yet. 
Hence, a long-time field experiment was started 2013 
to track the fate of BC and  BCplus P into different 
soil P pools compared to a control and triple super-
phosphate  (TSP) treatment for severely P deficient 
(iSPTC-A) vs. sufficiently P fertilized (iSPTC-C) soil. 
The fingerprint of the recent land-use history (six 
years grassland prior arable land) was reflected by 
elevated labile-Po and NaOH-Po concentrations at the 
beginning of the experiment. However, after 3 years, 
labile  Po concentrations converged and stabilized in 
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rock phosphate is listed as one of the 30 critical raw 
materials and among them it is rated as one of five 
materials combining the highest scores for supply risk 
and economic importance (European Commission, 
2020). Thus, efforts have increased to replace rock 
phosphate with secondary P resources, such as com-
post, manure, or animal by-products, towards an effi-
cient and sustainable closed-loop production system.

A promising by-product from slaughterhouse indus-
tries are bone char (BC) based fertilizers (Panten and 
Leinweber, 2020; Siebers et  al., 2014; Warren et  al., 
2009; Zwetsloot et al., 2016). For BC production defat-
ted, de-gelatinized animal bone chips are pyrolyzed 
(600–800 °C) and produced chars contain between 130 
to 150 g P  kg−1, mainly in the form of hydroxyapatite, 
as well as calcium (Ca) and magnesium (Mg), while 
they are free of contaminants such as cadmium and 
uranium (Siebers and Leinweber, 2013; Zimmer et al., 
2018). The solubility of BC was found to be mainly a 
function of pyrolysis conditions (Biswas et  al., 2021; 
Dela Piccolla et al., 2021) and soil pH and was mostly 
lower than highly soluble mineral P fertilizers (Lein-
weber et al., 2018; Siebers et al., 2014; Warren et al., 
2009). Therefore, the very porous surface of BC can 
be modified with up to 20% (w/w) elemental sulfur 
(S)  (BCplus; patent DE102011010525) to increase its 
solubility in the soil (Morshedizad et al., 2018; Zimmer 
et al., 2018). This is due to the so-called “in situ diges‑
tion”, a term introduced by Fan et al. (2003) who co-
applied rock phosphates with elemental S to initiate soil 
acidification and foster apatite dissolution by the release 
of  H2SO4 from microbial sulfoxidation. Additionally, 
positive effects of co-applied elemental S on P avail-
ability were also reported for a mixture of bone-wood 
chips biochar with sulfur-oxidizing bacteria (Thiobacil-
lus Spp.) (Amin and Mihoub, 2021). The major advan-
tage of  BCplus is that this in  situ acidification occurs 
directly at the surface of the  BCplus particle. This makes 
it more likely that the microbially produced  H2SO4 
directly reacts with the apatitic  BCplus matrix leading to 
a more efficient and uniform release of P while reduc-
ing the risks of harmful fast pH drops and possible 
undesired heavy metal co-mobilization in soil, com-
pared to, e.g., granulated S co-applied with rock phos-
phate (Zimmer et  al., 2018). First application studies 
confirmed the improved P solubility of  BCplus, but these 
results were only obtained in lab incubation studies 
(Morshedizad et al., 2016, 2018) or one pot experiment 
with annual rye grass (Zimmer et al., 2019). However, 

results from field application, particularly longer-term 
studies with annual consecutive fertilizer applications, 
are rare as  BCplus is still a relatively new fertilizer.

Recently, Panten and Leinweber (2020) evalu-
ated data from the first BC/BCplus field experiment to 
estimate their agronomic value for supplying P after 
a 5-year crop rotation. They could show that the fer-
tilizer use efficiency was highest in the P deficient 
soils and plants took up higher proportions of  BCplus 
than BC. This indicated that  BCplus has the potential 
to increase available P concentrations in soils, espe-
cially with low initial P concentrations. Results from 
a parallel study at the same field experiment by Grafe 
et  al. (2021), focusing on the response of the soil 
microbiome after application of BC and  BCplus, sug-
gested that  BCplus influenced the bacterial P turnover 
by stimulating soil inherent P solubilizing bacteria, 
whereas BC favors P recycling from biomass and P 
inducible uptake systems. However, in their study, 
only the water-soluble P  (Pwater), calcium acetate lac-
tate extractable P  (Pcal), and total P  (Pt) in the soil 
after one complete crop rotation (five years) were 
considered, and the influence of the repeated annual 
application of BC-based fertilizer on other P frac-
tions, pools, and stocks in soil on a yearly basis was 
not determined. Furthermore, possible influences of 
the land-use change from former five years grassland 
to arable land at the beginning of the experiment was 
not examined in these studies.

In the presented study, we analyzed retained soil 
samples from a field experiment (Panten and Leinwe-
ber, 2020) with two BC-based fertilizers before start 
of the trial and annually taken during a complete crop 
rotation in order (i) to estimate the fate of BC-based 
P within various P fractions, pools, and stocks com-
pared to highly soluble triple superphosphate (TSP) 
fertilizer, and (ii) to determine the short-term effects 
of fertilizer P on P pool dynamics, (iii) and to evalu-
ate the possible influence and duration of this land-
use change on different P pools and fractions.

Material and methods

Site description and soil sampling

Soil samples were collected from a newly estab-
lished agricultural long-term experimental site 
(54° 3′ 41.47″ʼ N; 12° 5′ 5.59″ E) at the Julius 
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Kühn Institute, Institute for Crop and Soil Science 
Braunschweig, Germany, which was established 
in 2013. The soils in the experimental field were 
classified as Dystric Cambisol and Haplic Luvisol 
(IUSS Working Group WRB, 2015) and devel-
oped from sandy loess overlying sandy fluviatile 
sediments. The experiment was based on a former 
long-term P field experiment from 1985 to 2008 
(for more details see Vogeler et  al., 2009) follow-
ing grassland from 2009 to 2012; this left randomly 
distributed plots with different concentrations of 
 PCAL. In 2013, all plots were plowed to a depth of 
25 cm and oats were sown. After harvest, the plots 
were assigned to initial soil P-test classes (iSPTC) 
based on their topsoil  PCAL concentrations, i.e., 
iSPTC-A (severely deficient, < 15  mg  PCAL  kg−1), 
iSPTC-B (deficient, 15–30  mg  PCAL  kg−1), and 
iSPTC-C (sufficient, 31–60 mg  PCAL  kg−1), respec-
tively (Wiesler et  al., 2018). Afterward, the new 
field experiment was established in a completely 
randomized block design (plots 5.75  m × 17.5  m, 
with three field replicates) with three different 
iSPTC (A, B, and C), and a 5-year crop rotation of 
winter barley, winter oilseed rape, winter wheat, 
lupin, and winter rye. Three different P fertilizer 
treatments (45  kg   ha−1) were applied once a year 
shortly before seeding, i.e., TSP, BC, and  BCplus. 
Furthermore, a control treatment without P fer-
tilization (control) was established for compari-
son. For a detailed chemical characterization of 
both bone char-based alternative fertilizers see 
Zimmer et  al. (2018). Additionally, all plots were 
chiseled and plowed annually and received equal 
amounts of nitrogen (N), potassium (K), sulfur 
(S), and calcium (Ca) fertilizers (Table S1) to pre-
vent deficiency in these nutrients for plant growth. 
For a more detailed description of the experimen-
tal design of this trial, see Panten and Leinweber 
(2020). Topsoil samples (0–30  cm) were taken at 
the start of the experiment (2013) from plots of 
iSPTC-A and iSPTC-C and then annually repeated 
in the following five years for a complete crop rota-
tion. For this, a composite sample from eight soil 
cores per plot was taken after each harvest. Topsoil 
P stocks were calculated using a topsoil bulk den-
sity of 1.54 g  cm−3 as estimated using the soil dry 
weight after drying at 105  °C and the auger vol-
ume the soil samples were taken with. Soil samples 
were air-dried and sieved to a particle size < 2 mm.

Total elemental composition and P pools

Total elemental concentrations of magnesium  (Mgt) 
and calcium  (Cat) were determined by digestion with 
aqua regia and subsequent measurements via induc-
tively coupled plasma-optical emission spectroscopy 
(ICP-OES) (Thermo Fisher iCAP™ 7600). Total 
nitrogen  (Nt), carbon  (Ct), and sulfur  (St) were deter-
mined by dry combustion (MicroCube Elementar, 
Hanau, Germany). The pH values of all soil samples 
were measured in 0.01  M  CaCl2 (w/w 1:25). Plant 
available P  (PCAL) was extracted from the soil with 
calcium acetate lactate (Schüller, 1969) following 
ICP-OES measurements. Water-soluble P  (Pwater) was 
extracted in a procedure slightly modified from van 
der Paauw et al. (1971) (1.5 g soil in 2 mL aqua dest. 
for 22 h, addition of 70 mL aqua dest., overhead shak-
ing for 60  min) before P was analyzed colorimetri-
cally (Specord 50, Analytik Jena, Germany) using the 
molybdenum blue method according to Murphy & 
Riley (1962).

For sequential P extraction, a slightly modi-
fied Hedley et  al. (1982) was used. Briefly, 0.5  g 
soil sample was shaken in aqua dest. for 18 h using 
a reciprocal shaker (20  rpm). After decantation, the 
next extractions were done with 0.5 M  NaHCO3 (pH 
8.5), 0.1  M NaOH, and 1  M  H2SO4. All extracts 
were centrifuged at 3500 × g for 20 min and superna-
tants were subsequently filtered using a P-free Roti-
labo Typ 601 P filter. Total P concentrations  (Pt) in 
the obtained fractions were determined using an 
ICP-OES and inorganic P  (Pi) using the molybde-
num‐blue method (Murphy and Riley, 1962) using 
an Infinite 200 Pro plate reader (Tecan, Männedorf, 
Switzerland). Organic P  (Po) was calculated as the 
difference between  Pt and  Pi. The obtained fractions 
can be grouped by their chemical extractability to 
labile P  (H2O-Pi and -Po and  NaHCO3-Pi and -Po), 
moderately labile P (NaOH-Pi and -Po), and stable 
P  (H2SO4-Pt + residual-P) (Negassa and Leinweber, 
2009).

Mobile and potential plant-available P was also 
accessed via the diffusive gradients in thin films 
(DGT) technique. For this, DGT devices, fer-
rihydrite binding layers, and diffusive gel layers 
were purchased from DGT Research Ltd. (Lancas-
ter, UK) and were used as described in (Davison, 
2016). Briefly, all soil samples were incubated and 
deployed for 24  h at 22  °C at 100% water holding 
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capacity. Following the extraction of P from the 
binding layer with 1  M HCl, P concentrations 
were analyzed with ICP-OES (iCAP 6500, Thermo 
Fisher, 63,303 Dreieich, Germany) and used to cal-
culate the DGT P (P-DGT concentrations). Further-
more, to calculate P budgets and balances, we used 
data of P uptake from Panten and Leinweber (2020).

Statistics

All statistical analyses were performed using 
IBM®SPSS® Statistics Version 25. The effects of 
the sampling year, four fertilizer treatments, and 
their interaction on soil parameters were analyzed 
for each iSPTC separately using a mixed two-
factor analysis of variance (ANOVA) with Tukey 
post-hoc test. One-factor ANOVA with subsequent 
Tukey post-hoc test was used to analyze differ-
ences between the four treatments within the sam-
pling years. To account for plot heterogeneity in the 
chemical properties between treatments, all statis-
tical analyses of time series data were performed 
after the normalization of the data from 2014 to 
2018 with the respective values from 2013 (i.e., 
subtracting for each plot and year the respective 
value of 2013).

Results

Basic soil properties

For both iSPTCs, there was no significant treat-
ment effect on pH and  Cat (Table  1). However, 
the two lime applications (2014 and 2017) signifi-
cantly increased the pH values in all treatments (pH 
5 to pH 6) as well as increased  Cat concentrations 
in both iSPTCs. Repeated S fertilization was also 
reflected in the temporal parallel course of the S 
concentration of all P fertilized variants. The con-
trol treatment was rather unaffected by S application 
and values hardly changed for both iSPTCs, which 
were thus significantly lower than for the other 
treatments. The additional input of S via  BCplus was 
not reflected in the data. Total N was also unaffected 
by P treatments regardless of iSPTC, but increased 
slightly from 2017 to 2018 (Table 1).

P budgets

All P budgets were obtained from Panten and Lein-
weber (2020) and relate to the first crop rotation 
(2014–2018). Ideally, the differences (total topsoils 
P stocks in 2018 minus initial P stocks 2013) equal 
the P budgets, assuming no additional P losses from 
the topsoil (0–30 cm) other than P uptake and no-uni-
dentified P inputs. However, for most treatments, cal-
culated P stocks were higher than measured P stocks 
(Table  2). Mean gaps in P stocks were larger for 
iSPTC-C (− 12%) than for iSPTC-A (− 6%). Among 
all fertilized treatments, the TSP treatment showed 
the best agreement between calculated and measured 
P stocks, followed by BC, and  BCplus.

P fractions

The mean total P concentration in the control of the 
iSPTC-C soil was at the start of the field trial ~ 1.4-
times higher than that in the iSPTC-A (Table 3). This 
was mostly due to higher concentrations of labile  Pi 
(sum of  H2O-Pi,  NaHCO3-Pi) and moderate labile  Pi 
(NaOH-Po) by otherwise comparable stable P (sum 
of  H2SO4-P, residual-P) concentrations. Concentra-
tions of  Pcal,  Pwater, and  PDGT were also about ~ 1.5–3-
times higher in iSPTC-C than iSPTC-A, independent 
of sampling year and treatment. The general higher 
concentrations and proportions of total extractable 
 Pi in iSPTC-C compared to iSPTC-A led to mostly 
higher  Pi/Po ratios for iSPTC-C. These  Pi/Po ratios 
were even widened by the decreasing trend of the 
initially slightly higher total  Po concentrations in all 
treatments of iSPTC-C at the beginning of the trial 
towards values being comparable to iSPTC-A. After 
the first year,  Pcal decreased significantly (~ 30%) in 
all treatments of iSPTC-C. Then, the  Pcal of the TSP 
treatment tended to increase especially in 2017. This 
was different for the other treatments, with decreas-
ing  Pcal concentrations, which increased only in 2017 
followed by a decrease again in 2018. Similar but less 
pronounced trends were observed for  Pwater and  PDGT 
(Table 3).

Phosphorus distribution among single P fractions 
followed the order:  PDGT =  Pwater <  Pcal irrespective 
of iSPTCs, sampling date, and treatment. Addition-
ally, the P distribution among obtained sequential P 
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fractions was also unaffected by iSPTCs, sampling 
date, and treatment and followed the order:   H2 O- 
Po <  H2O-Pi <  NaHCO2-Po <  NaHCO2-Pi ≤ Residual-
P <  H2SO4-P < NaOH-Po < NaOH-Pi. Sequential P 
fractions were mostly unaffected by the year and/or 
treatment; only TSP addition increased either P con-
centrations or proportions or both in a few cases from 
which, however, no trend could be derived. During 
the experimental duration, concentration and propor-
tions of  NaHCO3-Po decreased in both iSPTCs, being 
most pronounced in iSPTC-C and here, especially for 
the TSP treatment.

The P concentrations can be further differenti-
ated into three P pools of different availability, i.e., 
labile P (sum of  H2O-Pi+o, and  NaHCO3-Pi+o), mod-
erately labile P (NaOH-Pi+o), and stable P  (H2SO4-P 
and residual-P) (Fig. 1). Total P concentration in the 
pools generally followed the order of labile P < stable 
P < moderately labile P for all sampling times and for 
both iSPTCs. With increasing experimental duration, 
there was a trend of decreasing labile P concentra-
tions visible for the control, BC, and  BCplus treat-
ments, being more pronounced in the iSPTC-C soil 
(Fig. 1). Generally, the treatment effects were small; 
only TSP significantly increased labile P concen-
tration compared with BC (2016), BC, and  BCplus 
(2017), or control and BC (2018) for iSPTC-A. The 
other pools were not affected by treatments except 
for a significant increase in stable P in 2018 after 
BC application compared to the control for iSPTC-A 
(Fig. 1).

Discussion

BC and BCplus application had no effect on pH 
and main nutrient elements

The observed changes in basic soil properties over the 
experimental duration were independent from ferti-
lizer treatments and iSPTCs, and thus did not reflect 
fertilizer effects but rather changes in overall field 
management. For instance, the observed increase in 
 Nt in all treatments in 2018, despite omitted N fer-
tilization, is explained by the cultivation of Lupinus 
angustifolius L., which is known to fix atmospheric 
 N2 (e.g., Pueyo et  al., 2021). Also liming resulted 
in a significant increase in pH and also  Cat concen-
trations in all treatments, which masked a possible Va
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pH increase due to BC or  BCplus addition as often 
described in the literature (Morshedizad et al., 2016; 
Siebers and Leinweber, 2013). Furthermore, despite 
the high  St contents of  BCplus, 270  g   kg−1 (Zimmer 
et al., 2018), led to the highest proportional increase 
in soil  St among all treatments, an even more pro-
nounced effect of  BCplus on soil  St concentrations 
and S fertilization of plants was masked by the S fer-
tilization all treatments annually received. However, 
although this led to an underestimation of the positive 
effects and co-benefits of BC and especially  BCplus on 
soil and yields, both liming and additional S fertiliza-
tion were necessary as pH and  St were below recom-
mendation. Without this, the effects of P fertilization 
were not differentiable from pH and S effects.

Treatment induced changes in Pt stocks were masked 
in the standard deviations of Pt stock

As indicated by the positive P budget of all ferti-
lized treatments, P fertilization in both iSPTCs was 
above the plant requirements, which however was not 
reflected in the corresponding increase in the soil’s  Pt 
stocks. Such underestimation of topsoils P stocks — 
when considering the individual P budgets (Table 2) 
— were also reported in other studies based on long-
term P fertilization trials (Siebers et  al., 2021; Zim-
mer et al., 2018). For example, Siebers et al. (2021) 
reported that, despite positive P budgets, most of the 
P treatments of four different long-term P fertiliza-
tion trials showed negative P balances for the topsoil 
(30  cm) in the range between − 17 to − 46%. Sie-
bers et al. interpreted the fact that for some sites and 
treatments, the gradual inclusion of even deeper soil 

layers in the calculation improved the P balance as 
an indication of the site- and soil-specific leaching of 
excess fertilizer P from the topsoil to the subsoil. Due 
to the higher  Pt concentration in iSPTC-C, it is likely, 
that the P sorption capacity of the topsoil in iSPTC-C 
is more exhausted than in iSPTC-A and thus a higher 
risk of leaching exists. However, the present soil tex-
ture (36% sand, 57% silt, 7% clay; (Panten and Lein-
weber, 2020)) and the fact that the treatments with 
the highly soluble TSP even showed the lowest gap 
in the balance suggest that P transport via leaching 
plays only a minor role. Translocation of fertilizer P 
by plant roots or root material below 30 cm depth is 
also a known factor responsible for gaps in P budgets 
(e.g., Bauke et  al., 2017). It is reasonable that such 
mechanisms at least partly explain the results from 
the recent study as crops grew within the mean root-
ing depth of   > 30  cm. However, when taking the 
relatively large standard deviations of the  Pt stocks in 
2013 and 2018 (~ 8% iSPTC-A; 5%; iSPTC-C) into 
account, likely, the proportion of the calculated accu-
mulated P budgets on the overall  Pt stocks (iSPTC-
A: 9%, iSPTC-C: 6%) was still too small. Hence, at 
this stage of the field experiment, treatment-induced 
changes in the  Pt stocks are probably still masked in 
the standard deviations of  Pt stock.

Land‑use change and available legacy P control 
amount and mineralization of Po

It is known that various fractions of soil P respond 
more and faster to contrasting field management and 
P fertilization treatments than  Pt concentrations or 
 Pt stocks in the soil. For instance, short-term effects 

Table 2  P budgets and calculated difference of total P stocks in the topsoil before (2013) and after the one crop rotation cycle (2018)

1 All P budgets were obtained from (Panten and Leinweber, 2020)
2 Differences of total P stocks in the topsoil (30 cm) between the sampling year 2013 and 2018
3 Proportion (%) of measured total P stocks in 2018 in relation to calculated total P stocks in 2018 (P stocks 2013 + P budget)

iSPTC-A iSPTC-C

P  budget1 2 Difference P stocks 
2018–2013 (kg  ha−1)

3 Recovery calcu-
lated stock (%)

P budget 2 Difference P stocks 
2018–2013 (kg  ha−1)

3 Recovery 
calculated stock 
(%)

Control − 68 − 175 ± 54 93 ± 4 − 85 − 225 ± 191 94 ± 8
BC 151 57 ± 68 94 ± 4 138 − 236 ± 168 85 ± 6
BCplus 150 − 46 ± 176 89 ± 9 140 − 318 ± 251 82 ± 10
TSP 143 151 ± 137 101 ± 8 137 − 80 ± 134 91 ± 5
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of the conversion from grassland to arable are usu-
ally reflected in a temporary boost in the activity or 
amount of microbial biomass due to increased soil 
aeration, the incorporation of fresh organic mate-
rial into the soil, and break-down of soil aggregates 
and the associated the release of occluded C and 
also other nutrients (Kalhoro et  al., 2017; Siebers 
and Kruse, 2019). This may lead to priming effects 
with increased soil organic matter mineralization 
(Kuzyakov et  al., 2000), which most likely explains 
the temporally increased contents of labile and mod-
erately labile  Pi and  Po at the beginning of the 2013 
experiment.

The observed lower NaOH-Po and  NaHCO3-Po 
concentrations for iSPTC-A in 2013 (Table  3) indi-
cate that these effects can be expected to be less 
pronounced for iSPTC-A than for iSPTC-C because 
of the smaller amount of accumulated incorpo-
rated organic matter – as indicated by the signifi-
cantly lower  Ct concentration – and a general lower 
microbial activity/biomass in this P deficit soil. The 

successive mineralization of these  Po compounds 
with increasing experimental duration lead to the 
observed subsequent trend of decreasing of NaOH-
Po and especially  NaHCO3-Po in both soils, which 
is less stable and therefore more easily mineralized 
than NaOH-Po (Cross and Schlesinger, 1995; Turner 
et al., 2005). The fact that from 2016 the concentra-
tions of  NaHCO3-Po (to some extent also NaOH-Po) 
of both iSPTCs converged and stabilized in the fol-
lowing years at a similar level suggests that a new 
equilibrium for  Po has been established in the top-
soil that is independent of the iSPTCs. This indicates 
that the effect of land-use change from grassland to 
arable on  Po concentrations mainly diminished after 
around three years. However,  NaHCO3-Po concen-
trations of the two iSPTCs leveled off at the same 
time despite ~ 70% higher mean concentrations of 
 NaHCO3-Po for iSPTC-C compared to iSPTC-A at 
the start of the experiment. This suggests that micro-
bial activity and thereby the rate of  Po mineraliza-
tion was to some extent controlled by the amount of 

Fig. 1  Development of the mean (n = 3) concentrations of 
labile phosphorus (P) (resin  Pi+o +  NaHCO3-Pi,o), moderate 
labile P (NaOH-Pi,o), and stable P  (H2SO4-P + residual P) after 
annual (2013 to 2018) P fertilization (control = NoP, BC = bone 
char, and  BCplus = sulfur modified bone char) in two soils 

only differing in their initial soil P-test class (iSPTC). iSPTC-
A = severely deficient, < 15 mg calcium acetate lactate extract-
able P  (PCAL  kg−1), iSPTC-C (sufficient, 31–60 mg  PCAL  kg−1). 
Significant differences between treatments within the same 
year (p < 0.05) are labeled with different lower case letters
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available P, e.g.,  Pcal, which was around twofold 
higher for iSPTC-C compared to iSPTC-A (Table 3). 
However, data indicate that P treatment had no fur-
ther effect on  Po mineralization as treatment-induced 
changes in available P were still too small within the 
experimental duration. The observed slight trends 
of decreasing plant-available P, i.e.,  Pcal, labile P 
 (H2O-P +  NaHCO3- P),  Pwater, and  PDGT in iSPTC-C 
followed in varying degree the above-mentioned trend 
of labile  Po in the first two to three years of the field 
experiment as this fraction of  Po is partly included 
in the applied plant-available P tests. Therefore, the 
larger loss in  NaHCO3-Po concentration in iSPTC-C 
explains the observed higher losses in  Pcal, labile P, 
 Pwater, and  PDGT in the iSPTC-C compared to A.

BC and BCplus could not compensate for the demand 
of the plants for labile P

A closer look at the composition of labile P indicates 
stagnating or a tendency towards decreasing concen-
trations of  NaHCO3-Pi in the control and both BC 
treatments in the first three years of the field experi-
ment. This suggests that the triple application of both 
BC fertilizers did not affect plant-available P pools 
in the soil of both iSPTCs. Thus, the higher demand 
for labile P of crops compared to grassland was 
mostly compensated by soil legacy P. In contrast, the 
observed slight increasing trend in the TSP treatments 
indicated a starting accumulation of excess fertilizer 
 Pi in that fraction, which were also reflected in the 
 Pcal concentrations. This agrees with the higher bio-
availability of TSP compared to BC-based fertilizers, 
as already described in the literature (e.g., Leinwe-
ber et  al., 2018; Siebers et  al., 2014; Zimmer et  al., 
2019). However, in 2017 these trends were inter-
rupted briefly after the cultivation of lupine, which 
raised the available P concentrations (e.g.,  Pcal,  Pwater, 
and  NaHCO3-  Pi) in almost all treatments due to its 
known ability to increase the availability of soil P 
(Alamgir et  al., 2012). The again decreased concen-
trations of available P in the control and the BC-based 
treatments in 2018 indicated that this pool of mobi-
lized P was almost depleted in the subsequent year.

After the first crop rotation with five annual P 
applications, the effects on soil P fractions were still 
small and only the TSP treatments showed signifi-
cantly higher available P concentrations compared to 
the unfertilized control. However, only for iSPTC-A, 

this led to higher cumulative yields (control 90%, 
BC 94%;  BCplus 95%; TSP 100%) whereas if initially 
sufficient available soil P was available (iSPTC-C), 
no yield effects were observed (Panten and Leinwe-
ber, 2020). The approximately 10% reduced relative 
cumulative yields in the control treatment of iSPTC-A 
implies that already after five years of cultivation, the 
demand of plant-available P in the test plots cannot 
be provided by soil legacy P. For iSPTC-C the pool 
was still sufficient to maintain even similar yields as 
those obtained for the TSP treatment. This suggests 
a general lower contribution of fertilizer P on plant 
nutrition for iSPTC-C than iSPTC-A as reflected in 
the higher apparent nutrient recovery in grains of all 
iSPTC-A treatments (Panten and Leinweber, 2020). 
This higher P use efficiency in iSPTC-A also reflects, 
to some extent, the higher P solubilization potential 
of the microbial community in iSPTC-A soils, which 
is better adapted to low levels of available P com-
pared to iSPTC-C.

The field trial did not confirm the former laboratory 
results on the benefits of in situ digestion of BCplus

The fact that despite P application both BC-based 
treatments showed a similar decreasing trend in avail-
able soil P suggests that most of the available ferti-
lizer P was directly taken up by the plants and did not 
accumulate in the soil. Since BC and  BCplus mainly 
consist of insoluble apatite (Dela Piccolla et al., 2021; 
Zimmer et al., 2018), solubilization of P was expected 
to be slow. However, the expected corresponding 
accumulation of excessive BC or  BCplus in the stable 
P pool  (H2SO4-P + residual P) was not reflected in the 
data, most likely due to the still small proportional 
change.

It was surprising that no difference in P availabil-
ity between BC and  BCplus treatments was observed, 
since the previous batch and pot experiments proved 
higher solubility of  BCplus due to the modification 
of its surface with elemental S (Morshedizad et  al., 
2018, 2016; Zimmer et al., 2019). However, our field 
results fit to results of Panten and Leinweber (2020) 
reporting no difference in relative cumulative yields 
for iSPTC-C and only marginal higher yields for 
the  BCplus (95%) compared to the BC treatment in 
iSPTC-A (BC 94%). This lack of benefit from sulfur-
modified  BCplus can be explained by the short dura-
tion of the experiment and thus by small accumulated 
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changes in soil available P concentrations, as well as 
by the masking and attenuation of the P mobilizing 
effect of S-induced in  situ digestion of  BCplus parti-
cles by the additional S fertilizer applied. Further-
more, the necessary repeatedly liming continuously 
increased pH toward the target value of ~ pH 6.5 and 
therewith to less favorable values for the dissolution 
of BC-based fertilizers. Therefore, it is reasonable to 
assume that the potential solubility of BC will con-
tinue to decrease, but the benefit of local  H2SO4 for-
mation and pH reduction around the  BCplus particles 
will be more significant in subsequent experimental 
years.

Conclusions

This study is the first to compare the short-term 
effects of P fertilization with TSP, BC, and  BCplus 
and their effects on soil P stocks and P fractions at the 
field scale, and thus represents the next necessary step 
following previous laboratory and pot experiments. 
Data from this study and previous studies suggest 
that differences in the available legacy P, i.e., iSPTC, 
and the associated difference in the P solubilization 
potential of adapted microorganism communities 
controlled the P uptake from both BC-based fertiliz-
ers and thus its fate into the soil. While this suggests 
that BC-based fertilizers are a sustainable P resource 
in the future, especially for P-deficient soils, further 
long-term evaluations are needed to prove if BC and 
especially  BCplus can maintain adequate crop P sup-
ply over the long-term, also in non-acidic soils. Since 
in subsequent cropping cycles the masking effects of 
grassland conversion will be less relevant, the con-
tinuation of this unique field trial is highly recom-
mended. However, subsequent evaluations of this 
field trial should consider the observed effects of 
land-use change on P fractions during the first three 
years of the trial. Future research should also focus on 
the chemical and physical persistence of BC particles 
in soils and their fate in different soil size fractions. 
Tracking the changes in physical and chemical prop-
erties of individual BC and especially  BCplus particles 
in the field over time will also help to better under-
stand the processes of S-induced in situ digestion.
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