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PCAL), and C (47 mg kg–1 PCAL). After a first crop rotation
an increased cumulative yield was determined for
iSPTC-A depending on the fertiliser treatment with
means of relative yield of P0 (90 %) < BC (94 %) < BCplus

(95 %) < TSP (100 %). Effects on the relative P uptake of
grain in iSPTC-A depending on the fertiliser treatment
were in the order of P0 (81 %) < BC (88 %) < BCplus (91
%) < TSP (100 %) and in iSPTC-B of P0 (84 %) < BCplus

(90 %) < BC (92 %) < TSP (100 %). Fertiliser treatments
had no effect on mean yield and P uptake in the first crop
rotation if initially sufficient soil P (iSPTC-C) was avail-
able. An increase of PCAL concentrations was only
achieved by TSP fertilisation. Future experimental years
will show, if BC fertilisers are able to maintain sufficient
P availability to crops in the long term.

Key words: Bone char, phosphorus recycling,
recycling fertiliser, plant nutrition

Introduction

Phosphate rock reserves are limited and there are predic-
tions that the global peak of phosphorus production will
be around 2030 (CORDELL et al., 2009). Estimations about
the total depletion of phosphate reserves are difficult and
uncertain because of continuously changing boundary
conditions such as, the world population with changing
dietary patterns, losses in fertiliser production and food
chains, and changing assessments of phosphate reserves
(NESET & CORDELL, 2012). Even though a shortage of P in
the next decades is unlikely (SCHOLZ & WELLMER, 2013),
losses from the anthropogenic use chain should be mini-
mized to extend/maintain the availability of phosphate
resources for future generations and protect environ-
mental compartments such as aquatic and marine eco-
systems. VAN DIJK et al. (2016) estimated that recovered P
in the European Union (EU-27) could replace 43 % of the
actually applied mineral P fertiliser. On the other hand,
about half (924 Gg) of the imported P accumulates in
agricultural soils of the EU-27 annually (BUCKWELL &
NADEU, 2016). This increases the risk of environmental
burdens mainly through P transport by erosion and
leaching processes to surface waters and subsequent
eutrophication (WITHERS & HAYGARTH, 2007; KLEINMAN et
al., 2011; ULÉN et al., 2012; SMITH et al., 2019).

Phosphorus is an essential plant macronutrient and
cannot be replaced by any other chemical element;
hence, agriculture has a high demand of P fertilisers.
Therefore, most (82 %) of the mined phosphate rock is
transformed into P fertilisers (SCHOLZ & WELLMER, 2013).
Since phosphate rock was inserted into a European list of
critical raw materials in 2014 (EU, 2014), efforts have
increased substantially to replace rock phosphate by
recycled P from, e.g., sewage sludge, waste streams, and
animal by-products.

Animal bones as P resource are exceptional in that they
contain high amounts of P as well as calcium (Ca) and
magnesium (Mg), both major plant nutrient elements,

but have very low concentrations of heavy metals (CASCA-
ROSA et al., 2012). After the bovine spongiform encepha-
lopathy (BSE) crisis had resulted in bans of meat and
bone meal use in animal feeding in the EU in 1994, tech-
nically pyrolyzed bone material, i.e. bone char (BC), has
been considered as potential P source in cropping (VASSI-
LEV et al., 2013). This included research in potential use
as carrier for beneficial microorganisms (POSTMA et al.,
2013) and phosphate fertiliser (WARREN et al., 2009), the
latter avoiding or even immobilising harmful metals such
as Cd in soil (SIEBERS et al., 2014). While a P mobilisation
potential has been demonstrated in various laboratory
incubation experiments (MORSHEDIZAD et al., 2016;
ZWETSLOOT et al., 2016), pot experiments with bone char
sometimes revealed low P-uptake by crops (SIEBERS et al.,
2012; SIEBERS et al., 2014). WARREN et al. (2009) showed
that the P release from BC strongly depends on soil pH.
In that publication, soil with pH ranging from 3.4 to 8.8
were incubated with BC for 145 days and whilst acidic
soils dissolved nearly 70 % P, neutral to alkaline soils did
not dissolve any P, confirming that soil acidity affects P
release from BC (WARREN et al., 2009). Therefore,
encrusting of BC particles with reduced S-compounds
has been tested as an approach to improve the phosphate
mobilisation and potential agronomic efficiency by oxi-
dation and subsequent acid production in soil to enhance
the P-release. In this research ZIMMER et al. (2018)
demonstrated spectroscopically and spectro-microscopi-
cally that elemental and P-/S-species distributions in
BCplus particles (“plus” for the S-addition) or on their sur-
face may favour the “in situ digestion” (FAN et al., 2002)
of the source BC by oxidation of reduced S compounds,
including elemental S. However, long-term P fertilisation
effects of neither BCs nor other P-recycling fertilisers
have been studied in field experiments. The agronomic
efficiency of new P fertilisers from waste streams is
largely unknown, and especially experience from multi-
annual field studies is lacking.

To overcome this knowledge gap, a field experiment
was carried out to answer the following questions: (a) Do
BCs have any agronomic value for supplying P to crops
and how do they do in comparison with traditional min-
eral P fertiliser, (b) To what extent do the additional S
components of BCplus increase the plant availability of P
and, thus, increase the P-uptake by plants and crop yield
under field conditions, and (c) Does the initial P status of
experimental soil affect the P solubility of original BC and
BCplus?

Materials and methods

Experimental set up
The field experiment was located in Braunschweig, Low-
er Saxony, Germany (52°18'N 10°27'E), 81 m above sea
level; the site was characterized by a mean annual precip-
itation of 620 mm and a mean annual temperature of
9°C. Soils at the experimental field were classified as
Dystric Cambisol and Haplic Luvisol (IUSS WORKING
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GROUP WRB, 2014) and were built from sandy loess over-
lying sandy fluviatile sediments. Top soil (0–30 cm) had
an average total carbon content of 1.37 % and consisted
of 36 % sand, 57 % silt, and 7 % clay at the beginning of
the experiment in 2013. The trial was set up in an experi-
mental site where a former long-term P field experiment
from 1985 to 2008 (VOGELER et al., 2009) left differences
in concentrations of plant available soil P. Briefly, from
1985–1997 mineral P fertiliser was annually applied
(n = 4) in treatment (T) T1 = 0P, T2 = 21.8 kg P ha–1 in
spring, T3 = 21.8 kg P ha–1 in fall and spring each, T4 = P
uptake by previous crop, T5 = P uptake by previous crop
× 1.5; from 1998–2008 (n = 3, half of the plots under con-
ventional tillage, half under conservation tillage)
T1 = 0P, T2 = P applied through farm yard manure (FYM)
only, T3 = 45 kg P ha–1 mineral P and FYM P; from 2009–
2012 (n = 3, grassland) T1 = 0P, T2 = 0P, T3 = 30 kg min-
eral P ha–1. In spring 2013, the experiment was ploughed
to a depth of 25 cm and oat was sown. According to the
contents of plant available P (PCAL) after harvest 2013
plots were assigned to so-called iSPTCs (initial soil P-test
classes) A (severely deficient, < 15 mg PCAL kg–1), B (defi-
cient, 15–30 mg PCAL kg–1), and C (sufficient, 31–60 mg
PCAL kg–1), respectively (WIESLER et al., 2018). Table 1
provides an overview about initial soil P, N and C con-
tents as well as pH of the plots before the start of the field
experiment.

In autumn 2013, the experiment was established in a
completely randomized block design with iSPTCs been
already randomly available from the former experiment.
Fertilizer types were assigned randomly in each iSPTC
maintaining the original three blocks. The plots had a
size of 5.75 m × 17.5 m (original plots were split in half),
and a crop rotation of winter barley, winter oilseed rape,
winter wheat, lupine and winter rye (Table 2). All straw
remained on the field and was therefore not taken into
account for P budgeting and uptake. Annually, chisel
ploughing and ploughing to a depth of 25 cm incorpo-
rated straw and crop residues before seeding. Table 2
provides an overview of agronomic measures in the
period 2013 to 2018.

Three different types of P fertiliser were applied to an
equivalent of 45 kg P ha–1 once a year shortly before
seeding and a control without P for comparison: bone

char (BC) pyrolysed at more than 800°C, surface-modi-
fied bone char (BCplus) with sulphur compounds from
biogas streams (patent DE102011010525), and highly
water soluble triple super phosphate (TSP). Fertilisers
were used as provided with 95–100 % of the particles big-
ger than 1 mm. Total concentration of the fertilizer ele-
ments were extracted by Aqua regia (VDLUFA, 2000) and
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 Emission Spectro-
metry (ICP-OES, icap 6000, Thermo Fisher, Cambridge,
United Kingdom), As, Cd, Cr, Cu, Ni, Pb, U, and Zn by
High-Resolution Inductively Coupled Plasma Mass Spec-
trometry (ICP-MS, Thermo Element XR, Thermo Fisher,
Cambridge, United Kingdom). BC and BCplus had much
lower concentrations of As, Cd, Cr, Cu, Ni, and U than
TSP fertiliser (Table 3). Further detailed information
about the three fertilizers was provided by ZIMMER et al.
(2019).

Soil sampling and analyses
Each year (2014–2018) after crop harvest, eight soil cores
per plot were taken to a depth of 30 cm and combined to
a bulk soil sample. These samples were air-dried and
sieved < 2 mm. During sampling in spring 2016–2018
(Table 2), 10 soil cores per plot were taken to a depth of
10 cm and combined. Half of that soil was immediately
cooled and stored at 4°C until further analyses of alka-
line and acidic phosphatases. The other half of that soil
sample was air dried and sieved < 2 mm.

From dried soil samples, soil pH was determined in
0.01 M CaCl2 (10 g soil in 25 ml CaCl2) and 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 hours, addition of 70 ml aqua dest., overhead
shaking for 60 min) before P was analysed colorimetri-
cally (Specord 50, Analytik Jena, Germany) using the
molybdenum blue method at a wavelength of 882 nm
according to MURPHY & RILEY (1962). Plant available P
(PCAL) was extracted from soil with calcium acetate lac-
tate (SCHÜLLER, 1969) and total soil P concentration (Ptot)
was extracted by Aqua regia (VDLUFA, 1991). In both ex-
tracts, P was measured at a wavelength of 213.6 nm us-
ing Inductively Coupled Plasma-Optical Emission Spec-

Table 1. Means of basic soil parameters (0–30 cm) across plots with similar initial soil P-test class (iSPTC) in 2013 (pre-experi-
ment)

Soil parameter iSPTC-A iSPTC-B iSPTC-C

pH 5.1 5.2 5.2
Pwater [mg kg–1] 2.8 4.4 9.4

PCAL [mg kg–1] 11.2 20.7 47.2

Total P [mg kg–1] 217 273 399
Total C [%] 1.3 1.4 1.4

Total N [%] 0.10 0.10 0.10
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trometry (ICP-OES; icap 6000, Thermo Fisher, Cam-
bridge, United Kingdom).

From the spring samples (0–10 cm) potential acidic
and alkaline phosphatase activity was determined
according to SCHINNER et al. (1996) based on the method
developed by TABATABAI & BREMNER (1969) and EIVAZI &
TABATABAI (1977). The enzyme activities of 1 g field moist
soil after 1 h of incubation at 37°C were measured as
p-nitrophenol coloured by 0.5 m L–1 sodium hydroxide;

colorimetric analysis was carried out at 400 nm (Specord
50, Analytik Jena, Germany).

Plant sampling and analyses
At harvest (2014–2018), central areas of the plots were
harvested by a combine (Hege 160, cutting width 1.5 m ×
16 m length) and fresh grain yield was recorded by the
balance of the combine. Subsamples of the grains were
taken. During the sampling campaigns in spring (2016–

Table 2. Crop/varieties grown and timing of agronomic measures during the first crop rotation of the experiment from 2013 to
2018

Harvest year 2014 2015 2016 2017 2018

Crop Winter barley Winter oilseed 
rape

Winter wheat Lupine Winter rye

Binomial name Hordeum vulgare L. Brassica napus L. Triticum aestivum 
L.

Lupinus angustifo-
lius L.

Secale cereale L.

Variety Otto Arsenal JB Asano Boregine Daniello

Chisel ploughing dates 03.09.13 24.07.+08.08.14 12.08.15 20.09.+18.10.16 13.09.17
Ploughing date 20.09.13 22.08.14 05.10.15 23.03.17 17.10.17

P application date 23.09.13 25.08.14 12.10.15 27.03.17 18.10.17

Seeding date 26.09.13 01.09.14 13.10.15 28.03.17 19.10.17
Total N appl. [kg ha–1] 160 160 130 – 120

Total K appl. [kg ha–1] 100 150 100 133 100

Total S appl. [kg ha–1]* – 40 12 20 15
Total Mg appl. [kg ha–1]* 41 – 11 79 21

Total Ca appl. [kg ha–1]* 909 – – 1441

Spring sampling date/BBCH# – – 12.04.16/BBCH 32 12.06.17/BBCH 65 27.04.18/BBCH 32
Harvest date 15.07.14 23.07.15 28.07.16 04.09.17 19.07.18

* Total S, Mg, and Ca application without S, Mg, and Ca components of P-fertilisers.
#Phenological development stages of plants (MEIER, 2018).

Table 3. Total element concentrations in Aqua regia extracts (VDLUFA, 2000) of the three tested fertilizers BC, BCplus and TSP

Element BC BCplus TSP

P [%] 14.81 10.72 20.04

Ca [%] 32.08 23.54 15.86

K [%] 0.10 0.03 0.08
Mg [%] 0.60 0.40 0.65

Na [%] 0.80 0.51 0.28

As [mg kg–1] 0.10 0.25 4.25
Cd [mg kg–1] < 0.08 < 0.02 12.50

Cr [mg kg–1] 1.30 0.27 203.23

Cu [mg kg–1] 1.41 4.42 18.29
Ni [mg kg–1] 0.41 0.28 25.34

Pb [mg kg–1] 2.21 0.70 1.77

U [mg kg–1] 0.09 < 0.02 112.22
Zn [mg kg–1] 116.76 69.90 376.89
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2018), four times 0.25 m2 per plot were cut and com-
bined to measure the fresh matter (FM) yield per plot.
Plant samples were dried at 60°C until constant weight in
a ventilated oven to determine dry matter (DM) yield per
plot. Dried samples were ground ≤ 0.5 mm with an ul-
tracentrifugal mill (Retsch ZM 100 or 200, Haan, Ger-
many). Plant material (0.5 g) was digested with 6 ml
nitric acid and 1.5 ml hydrogen peroxide in a micro-
wave (CEM MARS, Metthews, USA) to determine the P
concentration with ICP-OES (icap 6000, Thermo Fish-
er, Cambridge, United Kingdom) at a wavelength of
177.4 nm.

Data and statistical evaluation
Statistical analyses were performed with R version 3.5.1
(R Core Team, 2018). The effects of three iSPTCs, four
fertiliser treatments and their interaction on yield, P-up-
take by plants and soil parameters were analysed by a
two-factor analysis of variance (ANOVA) with the ‘aov’-
function. The combination of the three iSPTCs and four
fertiliser treatments on P uptake was also analysed by a
one-factor ANOVA with the ‘aov’-function and a post-hoc
test with the ‘TukeyHSD’-function.

Mean relative grain yield and mean relative P uptake of
grain in relation to TSP fertilisation (100 %) from 2014–
2018 was calculated according to Eq. 1 and 2.

For the first crop rotation (2014–2018), the apparent
nutrient recovery efficiency of grain (ANR; (BALIGAR et
al., 2001)) and the P budget were calculated according to
Eq. 3 and 4, respectively.

Results

In three experimental years (2016–2018), significant dif-
ferences in P uptake were recorded in spring (Table 4).

The P uptake was affected by fertiliser type and iSPTC.
Especially at low soil P concentrations (iSPTC-A and -B),
the P uptake often followed the order BC < P0 < BCplus

< TSP. In none of the years, statistical evidence of any
interaction of fertiliser type with iSPTC was determined
(Table 4). The P uptake in spring mirrored the Pwater con-
centration in soils, generally showing the largest concen-
trations after application of highly water soluble TSP
(Table 5). The concentration of Pwater and P uptake
correlated for winter wheat (r2 = 0.7961), lupine
(r2 = 0.4997) and winter rye (r2 = 0.6797) without
significant interaction between fertiliser type and iSPTC
(Table 5). The iSPTC or the applied fertiliser type did not
affect the acidic and alkaline phosphatase activities
(Suppl. 1 and 2). These enzymes had mean potential ac-
tivities of 68 and 270 μg p-NP g–1 h–1 in 2016, of 73 and
300 μg p-NP g–1 h–1 in 2017, and of 77 and 251 μg p-NP
g–1 h–1 in 2018, for the alkaline and the acidic enzyme,
respectively (Table S1 and S2).

Significant effects of the iSPTC on grain yield were
recorded in the 1st, 3rd, and 4th year and effects of ferti-
liser type only in the 1st year (2014) of the experiment
(Table 6). Interacting effects of fertiliser type with iSPTC
on yield were not observed (Table 6). Summarizing the
mean relative yield (Eq. 1) in relation to TSP fertilisation
of all years (Fig. 1) showed significant effects of the
iSPTC (P value = 0.0021) but there was no statistical evi-
dence of the fertiliser treatments (P value = 0.2718) or
the interaction of iSPTC and applied fertiliser type
(P value = 0.3616). Only for iSPTC-A a yield effect of fer-
tiliser was obvious and means of relative yield followed
the order P0 (90 %) < BC (94 %) < BCplus (95 %) < TSP
(100 %) (Fig. 1).

P uptake by grain was affected by the iSPTC in the 1st,
3rd, and 5th and by fertiliser type in the 2nd and 5th year
of the experiment (Table 7). Even though in the 5th year
(2018, winter rye) individual significant effects of iSPTC
and fertiliser type on the P uptake by grains were ob-
served, there was no statistical evidence of an interaction
of these in any of the years (Table 7). Mean relative
P uptake by grain in relation to TSP fertilisation of all
years (Fig. 2) showed significant effects of the iSPTC
(P value = 0.0017) as well as of the fertiliser treatments
(P value = 0.0004) but no statistical evidence of any
interaction of iSPTC and applied fertiliser type (P value
= 0.2475) were found. Effects were most pronounced in
iSPTC-A and -B, with increasing effects on the P uptake
by grain in class A depending on the fertiliser treatment:
P0 (81 %) < BC (88 %) < BCplus (91 %) < TSP (100 %) and
in class B: P0 (84 %) < BCplus (90 %) < BC (92 %) < TSP
(100 %) (Fig. 2).

The total P uptake by grains, cumulated for the whole
crop rotation, ranged between 67.6 kg ha–1 for the unfer-
tilised, initially severely P-deficient soil and 87.8 kg ha–1

for the initially P-sufficient soil supplied with TSP ferti-
liser (Fig. 3), leading to a P-use efficiency of 30 to 39 %
(225 kg ha–1 P applied in five years). A one-factorial ana-
lysis of variance of the total P uptake by grains cumulated
for one crop rotation showed that soils with sufficiently

Mean relative grain yield %[ ]  =

yieldtest  fertiliser 100×

TSP  fertiliser
---------------------------------------------------------

2014

2018


5

---------------------------------------------------------------------------

1( )

Mean P uptake of grain %[ ]  =

P uptaketest  fertiliser 100×
P uptakeTSP fertiliser

--------------------------------------------------------------------
2014

2018


5

--------------------------------------------------------------------------------------

2( )

ANR %[ ]  =

P uptaketest  fertilizer P uptakeP0–( )
applied P

--------------------------------------------------------------------------------------------
2014

2018

 100×
3( )

P budget kg ha 1–[ ] applied P P uptake–= 4( )
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available P concentrations were not affected by the fer-
tiliser treatments (Fig. 3). In deficient and severely defi-
cient soil, TSP fertilisation increased the P uptake by
grain significantly in comparison to the control without
P fertilisation, whilst the BC and BCplus fertilisation did
not significantly increase the P uptake (Fig. 3). The total
P uptake by grain of all years showed significant effects of
the iSPTC (P value < 0.0001) as well as of the fertiliser
treatments (P value = 0.0005) but no statistical evidence
of any interaction of iSPTC and applied fertiliser type
(P value = 0.3597) when analysed by a two-factorial
analysis of variance.

These results were reflected by the very low ANR
results for the iSPTC-C of 0.9–1.4 % (Table 8). The ANR
values were larger in soils that had lower initial P levels
(iSPTC-A and -B). Both experimental factors influenced
the ANR significantly but no statistical evidence of any
interaction of iSPTC and applied fertiliser type were
found (Table 8). Except for the control treatment with-
out P fertilisation, in which soil P was depleted, all fer-
tiliser applications resulted in a surplus in the P budget

(Table 9). The P surplus was highest in treatments with
the lowest P uptake and vice versa (Table 9).

Annual P fertiliser application (45 kg P ha–1) was
much higher than the P removal by harvested products
ranging from 8 to 24 kg P ha–1 depending on experimen-
tal treatments and crops grown (Table 5). Differences in
the concentrations of plant available P (PCAL; concentra-
tions 2018 minus concentrations 2013) were detected
during the crop rotation (Table 10) which did not cor-
relate with the P budget (r2 = 0.1501). The PCAL concen-
trations were significantly different between the iSPTCs
and the applied fertiliser type but there was no evidence
of any interaction of both factors (Table 10). Highly
water-soluble TSP fertiliser increased the PCAL concen-
trations in all three iSPTCs, whereas the BC treatment led
to a decrease in iSPTC-B and -C and the BCplus treatment
to a decrease in iSPTC-C (Table 10). Only the application
of TSP led to a change in soil P-test classes: iSPTC-A
changed to soil P-test class B after two and iSPTC-B
changed to soil P-test class C after four fertiliser applica-
tions. Similar effects were observed for the water-extract-

Table 4. P uptake in spring 2016 – 2018 as affected by initial soil P-test class (iSPTC; A = severely deficient, B = deficient,
C = sufficient) and type of P-fertiliser (P0, BC, BCplus, TSP) (means of three replicates and standard deviation in brackets)

Year iSPTC P uptake in spring [kg ha–1]

P0 BC BCplus TSP

2016 A 1.7 (0.57) 1.2 (0.15) 2.3 (0.61) 2.6 (0.52)

B 2.2 (0.43) 1.9 (0.37) 2.8 (0.33) 3.5 (0.75)

C 3.3 (0.44) 3.6 (0.31) 3.6 (0.14) 4.3 (0.08)

2017 A 8.9 (0.94) 7.0 (0.60) 8.7 (2.74) 8.9 (1.24)
B 10.3 (0.68) 8.5 (0.57) 9.9 (1.44) 11.7 (1.17)

C 11.8 (1.08) 11.0 (1.45) 11.1 (1.93) 11.8 (0.91)

2018 A 4.9 (2.77) 3.9 (1.02) 6.6 (1.58) 9.1 (2.09)

B 6.7 (0.98) 6.7 (2.07) 8.7 (1.93) 8.9 (0.30)
C 9.6 (0.95) 8.8 (2.35) 7.8 (0.61) 10.5 (0.41)

ANOVA df F value P value Significance#

2016 iSPTC (S) 2 44.378 < 0.001 ***

Fertiliser type (F) 3 13.664 < 0.001 ***

S × F 6 0.878 0.527 n.s.

2017 iSPTC (S) 2 15.104 < 0.001 ***
Fertiliser type (F) 3 3.331 0.038 *

S × F 6 0.531 0.779 n.s.

2018 iSPTC (S) 2 10.910 < 0.001 ***

Fertiliser type (F) 3 5.973 0.004 **
S × F 6 1.666 0.177 n.s.

#Significance of p-levels: n.s. = not significant (p > 0.05), * = 5 % (p ≤ 0.05), ** = 1 % (p ≤ 0.01), *** = 0.1 % (p ≤ 0.001).
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able P concentration in top soil after harvest, which
increased for all three iSPTCs after five years of TSP
application but decreased for all other treatments except
for iSPTC-B and BCplus fertilisation (Table 11).

Discussion

Varying yield responses to P fertilisation in single years,
as could be seen in the presented experiment (Table 6),
are commonly reported (LESTER et al., 2008) and can be
explained by the low effects of freshly applied P fertilisers
on P uptake and yield (SYLVESTER-BRADLEY et al., 2019).
With ANR values below 7 %, almost all P taken up by
plants was gained from the plant available P resources of
the soil, confirming observations made in long-term
P fertilisation experiments before (MERBACH et al., 2010).
Explaining also that statistically significant yield reduc-
tions of control plots (P0) were not observed, even
though yield in iSPTC-A decreased markedly (Fig. 1). In
iSPTC-C all tested fertilisers were able to maintain the

mean relative yield (Fig. 1) during the first crop rotation,
proving that yield can be sustained with any but also
without (P0) fertiliser on soils with a sufficient plant
available P status (JOHNSTON & POULTON, 2019). Addi-
tional experimental years will allow the evaluation if BC
and BCplus will be able to maintain yield levels consider-
ing that the PCAL and Pwater concentrations were reduced
during the first crop rotation (Table 10 and 11). Mean
ANRs of 0.1–1.4 % in iSPTC-C were very low confirming
that applied P has only implications for soils with defi-
cient plant available P status (VALKAMA et al., 2011). High-
er mean ANRs of 2.2–6.6 % in iSPTC-A and -B support
these findings and also that the overall efficiency to uti-
lise inorganic P fertilisers by plants is generally less than
10 % (BALIGAR et al., 2001). The lower mean ANR for BC
and BCplus in comparison to TSP points towards a lower
agronomic efficiency of BCs. Nonetheless, in P deficient
soils about 3 % of the applied P was utilised. According
to JOHNSTON & POULTON (2019) ANRs of fertilisers often
range between 5 and 10 %. Only TSP fertilisation on P
deficient soils achieved such ANRs, whilst all other fer-

Table 5. Water-extractable soil P concentration in spring 2016 – 2018 as affected by initial soil P-test class (iSPTC; A = severely
deficient, B = deficient, C = sufficient) and type of P-fertiliser (P0, BC, BCplus, TSP) (means of three replicates and standard
deviation in brackets)

Year iSPTC Pwater in spring [mg kg–1]

P0 BC BCplus TSP

2016 A 3.8 (2.25) 2.3 (0.18) 3.9 (1.24) 4.6 (1.30)

B 3.9 (0.49) 3.5 (0.91) 4.9 (0.47) 6.2 (1.12)
C 5.7 (1.25) 6.6 (1.47) 6.7 (1.35) 10.4 (1.61)

2017 A 1.9 (1.07) 1.2 (0.18) 2.2 (1.00) 5.0 (0.32)

B 2.1 (0.36) 2.3 (0.43) 2.6 (1.10) 7.2 (3.29)

C 5.6 (0.73) 6.3 (1.42) 6.0 (1.48) 11.8 (0.91)

2018 A 2.9 (1.36) 2.2 (0.10) 3.1 (0.58) 6.5 (1.02)
B 3.8 (0.32) 3.2 (0.12) 4.4 (0.13) 6.6 (0.99)

C 6.5 (0.40) 7.6 (1.89) 6.8 (1.20) 11.1 (2.40)

ANOVA df F value P value Significance#

2016 iSPTC (S) 2 26.984 < 0.001 ***

Fertiliser type (F) 3 9.333 < 0.001 ***
S × F 6 1.441 0.244 n.s.

2017 iSPTC (S) 2 47.058 < 0.001 ***

Fertiliser type (F) 3 28.078 < 0.001 ***

S × F 6 0.703 0.650 n.s.

2018 iSPTC (S) 2 53.593 < 0.001 ***
Fertiliser type (F) 3 24.999 < 0.001 ***

S × F 6 0.912 0.505 n.s.

#Significance of p-levels: n.s. = not significant (p > 0.05), * = 5 % (p ≤ 0.05), ** = 1 % (p ≤ 0.01), *** = 0.1 % (p ≤ 0.001).
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tiliser type/iSPTC combinations resulted in ANRs below
4 % (Table 8), which were in the order of values reported
in a recent study by SYLVESTER-BRADLEY et al. (2019) about
mineral fertiliser applications. The low ANR values are in

contrast to findings of a pot experiment conducted with
the same fertilisers resulting in much higher ANRs of
< 3 %, 10–15 %, and > 18 % for BC, BCplus and TSP,
respectively (ZIMMER et al., 2019). These higher values

Table 6. Yield response to P fertilisation as affected by initial soil P-test class (iSPTC; A = severely deficient, B = deficient,
C = sufficient) and type of P-fertiliser (P0, BC, BCplus, TSP) during the first crop rotation of the experiment from 2014–2018
(means of three replicates and standard deviation in brackets)

Year iSPTC Grain yield DM [t ha–1]

P0 BC BCplus TSP

2014 A 6.3 (0.61) 6.1 (0.08) 6.6 (0.78) 7.1 (0.20)

B 6.7 (0.31) 6.5 (0.70) 7.2 (0.44) 7.3 (0.34)
C 6.8 (0.08) 6.6 (0.01) 7.4 (0.13) 7.2 (0.32)

2015 A 3.1 (0.86) 3.8 (0.36) 3.7 (0.76) 3.8 (0.45)

B 2.9 (0.62) 3.5 (0.24) 2.9 (0.78) 3.7 (0.32)

C 3.2 (0.46) 3.5 (0.43) 3.2 (0.28) 3.0 (0.27)

2016 A 5.4 (0.25) 5.4 (0.28) 5.5 (0.33) 5.9 (0.12)
B 5.7 (0.08) 5.4 (0.26) 6.0 (0.16) 5.7 (0.35)

C 5.7 (0.49) 5.8 (0.17) 6.0 (0.29) 6.0 (0.10)

2017 A 2.5 (0.26) 2.7 (0.10) 2.6 (0.48) 2.7 (0.24)

B 2.5 (0.14) 2.9 (0.15) 2.4 (0.27) 2.4 (0.39)
C 2.4 (0.58) 2.3 (0.27) 2.4 (0.31) 2.1 (0.11)

2018 A 6.4 (1.08) 6.3 (0.44) 6.5 (0.78) 6.9 (0.34)

B 7.1 (0.10) 6.4 (0.35) 7.0 (0.39) 6.6 (0.23)

C 6.8 (0.57) 7.2 (0.27) 6.7 (0.64) 7.2 (0.05)

ANOVA df F value P value Significance#

2014 iSPTC (S) 2 4.788 0.019 *
Fertiliser type (F) 3 7.699 0.001 **

S × F 6 0.351 0.902 n.s.

2015 iSPTC (S) 2 1.546 0.235 n.s.

Fertiliser type (F) 3 1.773 0.182 n.s.

S × F 6 0.720 0.638 n.s.

2016 iSPTC (S) 2 3.883 0.036 *
Fertiliser type (F) 3 2.669 0.073 n.s.

S × F 6 1.204 0.341 n.s.

2017 iSPTC (S) 2 4.438 0.024 *

Fertiliser type (F) 3 1.113 0.365 n.s.
S × F 6 0.980 0.462 n.s.

2018 iSPTC (S) 2 1.703 0.205 n.s.

Fertiliser type (F) 3 0.399 0.755 n.s.

S × F 6 1.087 0.401 n.s.

#Significance of p-levels: n.s. = not significant (p > 0.05), * = 5 % (p ≤ 0.05), ** = 1 % (p ≤ 0.01), *** = 0.1 % (p ≤ 0.001).
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can be attributed to limited soil that can be rooted in pot
experiments constraining also the possibility of plants to
use more distant soil P resources as well as to the con-

trolled environment of glasshouse studies. It might also
indicate that in the field experiment factors others than
nutrient availability limited the crop yields during the

Fig. 1. Mean relative grain
yield with TSP = 100 % as affect-
ed by initial soil P-test class
(iSPTC; A = severely deficient,
B = deficient, C = sufficient) and
type of P-fertiliser (P0, BC, BC+
(= BCplus), TSP) during the first
crop rotation of the experiment
from 2014–2018.

Fig. 2. Mean relative P uptake
by grains with TSP = 100 % as af-
fected by initial soil P-test class
(iSPTC; A = severely deficient,
B = deficient, C = sufficient) and
type of P-fertiliser (P0, BC, BC+
(= BCplus), TSP) during the first
crop rotation of the experiment
from 2014–2018.
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