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Abstract

Background and aims: Phosphorus (P) is an essential element for crop growth. However, while
links of P turnover in soils to carbon (C) and nitrogen (N) availability have been described, it
remains to be clarified how combinations of fertilizer C and N additions affect stocks and cycling
of distinct P fractions at different soil depths. The objectives of our study were (1) to assess how
soil total P stocks are affected by organic amendments and N fertilization, (2) to evaluate how dif-
ferent soil P fractions respond to N fertilization, and (3) to verify whether N fertilization increases
soil biological P cycling.
Methods: We collected soil samples from a long-term field experiment established in 1984 in
Rauischholzhausen, Germany. The soil is a Haplic Luvisol and received either no organic
fertilizer (NOF), farmyard manure (FYM) or a combination of organic and mineral N fertilizer
(OMF). Each treatment additionally received three levels of mineral N: 0 kg ha–1 y–1 (N0),
100 kg ha–1 y–1 (N100), and 200 kg ha–1 y–1 (N200). The organic fertilizers were applied by a
manure spreader and the N fertilizer (calcium ammonium nitrate) was applied in spring as top
dressing by a plot fertilizer machine. We estimated stocks of P in fractions isolated by sequential
P fractionation, and assessed the oxygen isotopic composition of 1 M HCl-extractable phosphate
(d18OP).
Results: We found that increased organic matter (OM) addition and mineral N inputs caused sig-
nificant decreases in the stocks of resin- and NaHCO3-extractable P in the topsoil (0–30 cm).
Mineral N fertilization alone resulted in significant increases in stocks of resin-, NaHCO3-, and
NaOH-extractable P in the upper subsoil (30–50 cm). These changes occurred for both inorganic
and organic P. The subsoil d18OP values were closer to expected equilibrium values in soil ferti-
lized with mineral N, indicative of more intensive biological P cycling than in the treatments with-
out mineral N inputs.
Conclusions: These findings suggest that long-term OM and mineral N fertilization promotes
topsoil P losses from labile fractions by crop uptake with an enrichment of these P forms in the
subsoil, and an overall increase in biological P cycling in both top- and subsoil horizons upon N
fertilization.
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1 Introduction

Phosphorus (P) is an essential element to sustain high crop
yields in agricultural systems (Cordell et al., 2009). Minimizing
P inputs and losses is a prerequisite for sustainable land
management and calls for improved knowledge on efficient P
cycling in soils (Withers et al., 2018).

There are several tons per hectare of P in soil, and 25–70%
of total P is stored in subsoil below 30 cm depth, beneath the
tilled soil horizon (Kautz et al., 2013). However, P is still a lim-
iting element for crop growth as most soil P is in stable and
non-easily available forms (Barej et al., 2014; Bauke et al.,
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2018). Most of inorganic P (Pi) is strongly bound to Al and Fe
oxides and Ca minerals, while organic P (Po) is present within
biomolecules, such as nucleic acids, phosphoproteins, sugar
phosphates, and inositol phosphates, which are not directly
available to crops. The sequential fractionation scheme sug-
gested by Hedley et al. (1982) distinguishes resin-P, NaH-
CO3-P, NaOH-P, HCl-P, and residual-P fractions. While the
assignment of P to different fractions provides information on
its potential availability to plants, the fractionation scheme
does not provide information on whether P in these fractions
has been biologically recycled or not.

The microbial recycling of organic P in soils is regulated by
phosphatase enzymes. When these enzymes are exuded
into soil, plant-available P can be released from P-containing
organic compounds (Arruda et al., 2018). As the synthesis of
phosphatases requires carbon and energy, supplementing
soils with labile carbon substrates can potentially boost micro-
bial growth and, thus, the synthesis of phosphatase enzymes
(Richardson et al., 2011). In addition, synthesis of phospha-
tase enzymes produced by plants and microbes requires N
(Olander and Vitousek, 2000) and, thus, their synthesis is lim-
ited by low amounts of available N in the soil (Wang et al.,
2007). Adding N could stimulate phosphatase activities in
ecosystems and increase contents of plant available P in
soils (Olander and Vitousek, 2000). As N addition stimulates
crop growth, available P will increasingly be taken up by the
crop which ultimately reduces soil P stocks, especially the
labile P (resin-P, NaHCO3-P) stocks (Chen et al., 2018). In
turn, larger P stocks were found in soils where crop growth
was limited by long-term N deficiency, especially in the sub-
soil (30–100 cm) (Bauke et al., 2018). However, it remains to
be clarified how the type of fertilizer and rates of N fertilization
affect P stocks and fractions at different soil depths.

Biological P cycling in the soil–plant system can be traced by
the oxygen isotopic composition of phosphate (d18OP) in soil
(Tamburini et al., 2010, 2012; Angert et al., 2011, 2012). The
P–O bond in phosphate is stable and, thus, no oxygen atoms
are exchanged between water and phosphate under ambient
environmental conditions as long as the phosphate is not
microbially processed (O’Neil et al., 2003). However, when
organic P compounds become hydrolyzed by extracellular
phosphatases, such as phosphomonoesterases and phos-
phodiesterases, the d18OP of the phosphate is altered as the
released molecule inherits 3 to 2 oxygen atoms from the origi-
nal organic compound, while 1 to 2 oxygen atoms are incor-
porated from water with a fractionation factor characteristic of
the respective type of enzyme (Liang and Blake, 2006, 2009;
von Sperber et al., 2014, 2015). Further, when Pi is assimi-
lated into cells, the d18OP value also changes because the
intracellular enzyme pyrophosphatase induces repeated oxy-
gen exchange between Pi and water, resulting in a tempera-
ture-dependent equilibration of oxygen isotopes between the
phosphate and water (Chang and Blake, 2015; von Sperber
et al., 2017a). This process overprints the d18OP of the initial
primary phosphate. Thus, the soil d18OP value relative to the
expected isotopic equilibrium value can provide information
on the extent of biological recycling of P in the plant-soil sys-
tem. Specifically, the d18O value of phosphate extracted with
1 M HCl can provide integrated information of biologically

recycled P over long time periods (Angert et al., 2012; Bauke
et al., 2017) because this fraction includes phosphate from
the continuous precipitation of biologically cycled P into sec-
ondary Ca-P minerals (Amelung et al., 2015; Bauke et al.,
2018). In arable topsoils, the d18OP value of HCl-P is usually
at isotopic equilibrium with the soil water, whereas in the sub-
soil the d18OP values are often lower and close to signals
expected from loess, igneous or metamorphic primary miner-
als (Tamburini et al., 2014; Amelung et al., 2015).

Sequential P fractionation and the oxygen isotope composi-
tion of phosphate (d18OP) in HCl-P were used here to resolve
how different types of organic amendment and rates of miner-
al N application affect P stocks at different soil depths, and
whether the pool of biologically recycled P has been in-
creased or not. We hypothesized that (1) continuous inputs of
labile C sources (by organic fertilization) and mineral N results
in enhanced P utilization and thus decline in P stocks, espe-
cially in the topsoil; (2) the labile P fractions (resin-P and
NaHCO3-P) respond more sensitively to N inputs than other
P fractions, and (3) mineral N fertilization shifts the d18OP val-
ues of HCl-P closer to the theoretical equilibrium value
because of more intensive biological P cycling. To test these
hypotheses, we sampled a long-term field experiment with dif-
ferent organic matter and mineral N fertilization.

2 Material and methods

2.1 Study site and samples

The study area is located in Rauischholzhausen (50�45’ N,
8�52’ E) in the Amöneburger Becken, central Germany. The
mean annual precipitation is 576 mm and mean annual tem-
perature is 8.5�C. The soil is a Haplic Luvisol (IUSS Working
Group WRB, 2014), which developed from quaternary loess
deposits. It has a loamy texture with average clay content
ranging from 32% in the topsoil to 39% in the subsoil (Tab. 1),
a pH of about 7.7, and bulk density ranging from 1.5 g cm–3 in
the topsoil to 1.8 g cm–3 in the subsoil. Soil structure is suban-
gular blocky and soil carbonate content is 10% in the depth of
70–100 cm (Tab. 1). According to previous research at Mar-
dorf (Heine, 1970), located approx. 4 km from Rauischholz-
hausen, soil clay minerals are dominated by illite, kaolinite,
and hydrous mica. In addition, more than half of the total N
and total C stocks summed up down to 100 cm are stored in
the topsoil (Tab. 2).

The long-term fertilization trial was set up with a block design
in 1984. In a crop rotation of sugar beet (Beta vulgaris L.)
[replaced by maize (Zea mays L.) in 2009], winter wheat
(Triticum aestivum L. ssp. aestivum) and winter barley (Hor-
deum vulgare L.) each crop was grown for one year.
Sugar beet was sown using pelleted seeds coated with insec-
ticides (against insect pests) in April with a density of
10–18 pellets m–2 resulting in plant distance of 18–22 cm
within the rows and 45 cm between the rows. Maize was
sown in the second half of April with 8–10 seeds m–2 and
75 cm row distance. Depending on the cultivar, winter wheat
was sown in October with 320–450 seeds m–2, and winter
barley was sown in mid to end of September with sowing
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rates between 320–400 seeds m–2. Weed control was carried
out on all plants using herbicides. In addition, winter wheat
and winter barley were treated with growth regulators and fun-
gicides. There were three replicates for each treatment and
each replicate plot had an area of 30 m2 but only a core area
of 12.5 m2 was used for harvest. As shown in the field layout
(Fig. 1S), the experiment design is not randomized. There

might have been soil fertility gradients crosswise or length-
wise at the time when the experiment started, which could be
mixed with the effects from the experimental treatment. We
assume that possible original spatial fertility trends will be
superseded and dominated by the experimental treatments
after more than 30 years of continuous field management
(Macholdt et al., 2019). Thus, this long-term experiment still
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Table 1: Soil characteristics of the long-term fertilizer trial in Rauischholzhausen, Germany.a

Depth (cm) Soil horizon Bulk density
(g cm–3)

pH Aggregate Carbonate
content (%)

Sand content
(%)

Silt content
(%)

Clay content
(%)

0–30 Ap 1 1.58 7.7 Subangular
blocky

0 3.02 64.24 32.00

30–50 Ap 2 1.53 7.7 Subangular
blocky

0 1.65 58.45 38.84

50–60 Bt 1.58 7.7 Subangular
blocky

0 1.67 59.15 37.51

60–70 Bw 1.64 7.7 Subangular
blocky

0 1.21 60.39 37.14

70–100 C 1.85 7.8 Subangular
blocky

10 1.37 64.04 33.92

aSoil horizons were classified according to the World Reference Base for Soil Resource (IUSS Working Group WRB, 2014).

Table 2: Soil N and C stocks of the long-term fertilizer trial with no organic fertilizer (NOF), farmyard manure (FYM), and a combination of
organic and mineral N fertilizer (OMF) addition were given as mean and standard error (SE) (n = 3); each organic fertilizer treatment was multi-
plied with three levels of mineral N addition: 0 kg ha–1 y–1 (N0), 100 kg ha–1 y–1 (N100), and 200 kg ha–1 y–1 (N200).

Depth
(cm)

N stocks (tons ha–1) C stocks (tons ha–1)

N0 N100 N200 N0 N100 N200

0–30 NOF Mean 3.90 4.63 4.83 39.16 42.97 43.57

SE 0.13 0.13 0.24 1.24 0.98 1.77

FYM Mean 4.40 5.10 4.90 41.49 45.68 44.59

SE 0.26 0.07 0.16 2.49 0.58 1.27

OMF Mean 4.12 4.83 4.55 42.17 43.06 45.05

SE 0.17 0.12 0.34 1.37 1.00 3.10

30–50 NOF Mean 1.26 1.34 1.63 11.13 11.12 12.40

SE 0.06 0.04 0.05 0.77 0.33 0.37

FYM Mean 1.10 1.63 1.44 8.99 12.60 10.59

SE 0.06 0.13 0.02 0.60 1.32 0.12

OMF Mean 1.10 1.59 1.21 8.76 11.78 10.56

SE 0.16 0.05 0.02 1.41 0.76 0.31

50–100 NOF Mean 3.06 2.81 3.13 26.70 20.26 21.22

SE 0.04 0.01 0.11 5.55 0.57 1.01

FYM Mean 2.75 3.01 2.99 25.93 26.26 20.26

SE 0.10 0.10 0.14 7.84 3.73 1.24

OMF Mean 2.74 3.34 2.80 29.39 25.76 19.16

SE 0.10 0.24 0.06 9.60 4.41 0.61
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gives valuable information despite limitations in statistical
evaluation due to the missing randomization.

The experiment included two treatments with organic ferti-
lizers. The first treatment (FYM) was fertilized with
3 · 104 kg ha–1 farmyard manure (water content: 75%) from
cattle farming every third year before maize cultivation. After
harvesting winter barley (as previous crop to maize) in July,
cattle manure was spread by a manure spreader on the plots
and incorporated flat into the surface soil with a disc harrow a
few days later. The second treatment received a combination
of organic (straw, rapeseed green manure, and biogas
residue) and mineral N (calcium ammonium nitrate)
fertilizers (OMF). For this treatment, chopped wheat straw
(5 · 103 kg ha–1, water content 14%) and mineral N fertilizer
(50 kg ha–1) were applied separately and mechanically one
day after the winter wheat was harvested (July), and later
the field was cultivated with a disc harrow. Chopped barley
straw (5 · 103 kg ha–1, water content 14%) and mineral N
(50 kg ha–1) were then applied after winter barley (before
maize) in July and mixed with the soil by disc harrow. Then
rapeseed was sown as green manure. The rapeseed plants
were mechanically mulched at the end of October or begin-
ning of November after three months of growth with an aver-
age biomass yield of 3 · 103 kg ha–1 y–1 (85% water content).
In April of the following year, biogas residues (20 m–3 ha–1,
90% water content) were applied on the same plots, spread
manually and homogeneously with a watering can and then
incorporated into soil with subsequent maize planting. A third
treatment without organic fertilizer (NOF) was used as con-
trol.

Each of these three organic fertilization treatments was
combined with three levels of mineral N fertilization (calcium
ammonium nitrate): no mineral N (N0), 100 (added as two ap-
plications of 50) kg ha–1 y–1 mineral N (N100) and 200 (added
as three applications of 100, 50, and 50) kg ha–1 y–1 mineral
N (N200) for maize and winter wheat or 180 (added as three
applications of 80, 60, and 40) kg ha–1 y–1 mineral N for winter
barley (the lower application rate for winter barley is neverthe-
less designated as N200 treatment for a better visualization).
All mineral N fertilizer were applied in spring with a plot ferti-
lizer machine. In case of maize, the first amount of mineral N
fertilizer was applied after sowing (end of April), the second at
four-leaf stage and the third at six-to-eight-leaf stage (the third
was only applied for N200 treatments). Mineral N fertilizer
was applied as top dressing except the first time before maize
emergence. For winter wheat and winter barley, the first
amount of mineral N fertilizer was applied in March at the be-
ginning of growing cycle, the second at the end of the tillering
stage and the third during stem elongation as top dressing
(the third was only applied for N200 treatments). Superphos-
phate was used as the main P fertilizer, which contains calci-
um dihydrogen phosphate and calcium sulfate. All plots have
received 30 kg ha–1 of P from granulated superphosphate
fertilizer applied by a fertilizer spreader every three years
(after maize cultivation) since 1984.

In April 2016, soil samples were collected with an auger of
6 cm inner diameter at the end of tillering of winter barley (ex-
perimental crop in 2016). Shortly before sampling, each treat-

ment received the first mineral N fertilization for the year 2016
(applied according to the split application schedule outlined
above, i.e., 0 kg ha–1 for N0, 50 kg ha–1 for N100, and
80 kg ha–1 for N200). The latest applications of P fertilizer and
farmyard manure were in 2014, and chopped wheat straw
and mineral N fertilizer in OMF treatment were applied in Au-
gust 2015 after harvest of the previous crop. All soil cores
were divided according to observed soil horizons (0–30,
30–50, 50–60, 60–70, 70–100 cm). In case of drilling com-
paction, a correction by linear interpolation of soil depth sepa-
ration between 30 cm and 100 cm depth was used (Walter
et al., 2016). All samples were air-dried and sieved to < 2 mm
grain size. For a better visualization of the results, data for P
fractions were summarized (weighted sum) and analyzed for
0–30, 30–50, and 50–100 cm depth increments.

2.2 Basic characterization of soil and organic
material

Bulk density was determined from the soil cores, with the
weight of each oven-dried (40�C) sample divided by the vol-
ume of the respective core fraction (Walter et al., 2016). Soil
pH was determined in water suspension at a soil:water ratio
of 1:5 (w/v). Total soil P (Pt XRF) concentrations were analyzed
by X-ray fluorescence (XRF) spectroscopy (SRS 3000, Sie-
mens AG, Germany, wavelength-dispersive with Rh tube) of
pressed pellets.

Soil C and N concentrations were measured on the air-dried
samples after sieving at 2 mm and removal of visible roots.
Then, approx. 3 g of each bulk sample was finely ground
using a ball-mill prior to duplicate total C and N analysis by
dry combustion (Hekatech, Germany). Inorganic C (IC) was
determined in bulk samples via calcimetry upon reaction with
4 M HCl (ISO, 1995). Soil organic C was calculated as the dif-
ference between total C and IC. The total P, C and N concen-
trations were converted to stocks using the observed bulk
densities and depth increments.

For the determination of plant P contents, 5 g of whole bio-
mass samples were combusted at 550�C overnight, and the
ashes were dissolved in 1 M HNO3. Then the solution was
mixed with vanadate molybdate reagent and the extinction of
the yellow-colored solution was measured at 430 nm using a
spectrophotometer (Analytik Jena AG Germany, Specord 205
220–240V). The P contents in farmyard manure and biogas
residue were first extracted by calcium acetate and calcium
lactate solution (pH 4.1), which extracts plant-available P,
then they were measured at 767 nm using the same
spectrophotometer after colorization with molybdate reagent
(VDLUFA, 1976, 1991). The P input was calculated as the
total amount of P added as mineral P fertilizer, FYM and OMF
(Tab. 3S), and P output was calculated as P removed with
harvest products (for the cereals both grain and straw were
removed) from 1984 to 2016. The difference between P input
and output was denoted as the balance DP.
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2.3 Sequential P fractionation

Soil P concentrations of different fractions were determined
by sequential extraction according to the modified method by
Tiessen and Moir (1993). For this purpose, 0.5 g of air-dried
soil were sequentially extracted by anion resin strips, 0.5 M
NaHCO3, 0.1 M NaOH, and 1 M HCl. Finally, residual P was
extracted by hot aqua regia digestion (45�C for 20 min, 65�C
for 20 min, and then 95�C for 120 min). The total P (Pt) con-
centrations of each extract were measured by ICP-OES (Ulti-
ma 2, HORIBA Jobin Yvon, Longjumeau, France). The con-
centration of Pi was determined using the malachite green
method (D’Angelo et al., 2001), based on light absorption at
630 nm (Tecan infinite M200pro spectrophotometer, Grödig,
Austria). Concentrations of Po were calculated as the differ-
ence between Pt and Pi. Then Pt, Pi and Po concentrations in
each fraction were converted to stocks using the bulk density
and soil depth increments. Stocks of total P extractable by se-
quential P fractionation (Pt seq) were calculated by summing
up the stocks in each soil depth.

2.4 Oxygen isotopic composition of phosphate
(d18OP)

For all soil samples, 30 g of soil were sequentially extracted
with 0.5 M NaHCO3, 0.1 M NaOH, and 1 M HCl at a 1:10 soil
solution ratio (Amelung et al., 2015). The aim of the two
alkaline extractions was to remove the organic compounds
and polyphosphates. The HCl-extracts were further proc-
essed for phosphate purification following the protocol of Tam-
burini et al. (2010). Phosphates were first precipitated as
ammonium phosphomolybdate (APM) and then as magnesi-
um ammonium phosphate (MAP), then passed through a cati-
on exchange resin (Dowex 50X8, 200–400 mesh, Sigma-Al-
drich, Darmstadt, Germany) and finally precipitated as silver
phosphate (Ag3PO4). The Ag3PO4 crystals were dried (50�C)
and stored in a desiccator. The d18OP values were measured
after pyrolysis in a carbon-based reactor with trap and purge
chromatography system (PYRO Cube, Elementar, Hanau,
Germany) connected in continuous flow to an isotope ratio
mass spectrometer (Isoprime 100, Isoprime, Manchester,
UK). After calibration, all values were reported in the conven-
tional delta notation based on the Vienna Standard Mean
Oceanic Water (VSMOW).

Theoretical equilibrium values of d18OP in the soils were cal-
culated from Eq. (1) (Chang and Blake, 2015):

d18Op ¼ e
14:43

T
�26:54

1000

� �
· d18Ow þ 1000
� �

� 1000; (1)

where T is the temperature in K and d18OP and d18Ow are the
standardized 18O:16O ratios of phosphate and water, respec-
tively. For T we used mean, minimum and maximum tempera-
tures averaged form air temperature for every month from
1978 to 2013 (5.4�C, –1.2�C and 12.5�C, respectively). There
were no soil water or precipitation d18Ow values available for
Rauischholzhausen. Therefore, the d18Ow in precipitation was
estimated as –9.3% by averaging the observed d18Ow values
at the GNIP (Global Network of Isotopes in Precipitation) sta-
tions in Kahler Asten (50�10’ N, 8�29’ E) and Wasserkuppe

(Rhön) (50�30’ N, 9�56’ E) close to Rauischholzhausen, re-
sulting in mean, minimum and maximum d18OP equilibrium
values of 16.1%, 14.8%, and 17.3%.

2.5 Statistics

Data analysis has been conducted using R software (version
3.4.1). Graphs show the mean and standard error (SE) across
three replicate blocks. The long-term field experiment as
sampled lacked randomization. Yet, there was neither a sys-
tematic gradient in soil group, soil texture data or inclination
among treatments, thus rendering this experiment still mean-
ingful for understanding of long-term field management. In or-
der to have a criterion for data evaluation, we thus performed
two-way ANOVA as a reference despite missing randomiza-
tion to assess the effects of OM treatments and N treatments,
the interaction of OM and N treatments on soil P stocks and
d18OP values in different soil layers. The differences among
OM and N treatments were tested by least significant differ-
ence (LSD) test (p < 0.05). The results from such analyses
are similar to evaluating the data using linear regression ap-
proaches when no underlying gradient in other soil properties
exists.

3 Results

3.1 Pt seq and Pt XRF in soil profile

There was no difference in Pt seq stocks (0–100 cm) of NOF,
FYM and OMF treatments when no mineral N was applied
(Tab. 3). However, the Pt seq stocks only accounted for 21%
to 27% of Pt XRF stocks (Tab. 3). Different OM fertilization did
not alter Pt XRF stocks, although the FYM treatment resulted
in slightly enhanced overall P extractability (Tab. 3). In all
NOF, FYM and OMF treatments, however, both methods re-
sulted in smaller total P stocks in N200 compared to N0 for
the soil profile (0–100 cm) (Tab. 3). This decrease was most
pronounced for the OMF treatment. Soil N:P ratio (total N:
XRF P) was around 0.28–0.35 with the lowest value
(0.28–0.29) in N0 treatment compared to N100 and N200 in
all OM treatments (Tab. 3).

3.2 P balance

P uptake by crops increased by 7–273% in all organic ferti-
lizer treatments with N addition (Tab. 4). Compared to NOF,
the addition of OM accounted for total P input from 1984 to
2016 of 0.40–0.63 t ha–1 in the FYM treatments, and of
0.39–0.41 t ha–1 in the OMF treatments. The balance DP in
OM treatments increased by 0.11–0.56 t ha–1 in comparison
with NOF treatment (Tab. 5). In addition, the elevated
amounts of N added with mineral fertilizer resulted also in
larger P output with the harvest, which was higher in the
N200 fertilization treatment by 151.4% relative to N0 in the
NOF treatment, and by 79.3% and 54.0% relative to the N0
fertilization level in the FYM and OMF treatments, respective-
ly. Thus, the balance DP from 1984 to 2016 was lower by
0.27–0.53 t ha–1 in treatments with increased N input compar-
ed to N0 in all organic fertilizer treatments (Tab. 5).
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3.3 Pt stocks in P fractions at different soil depths

Pt stocks in sequential fractions were similar for all OM treat-
ments that received the same amount of mineral N (e.g.,
NOF-N0 vs. FYM-N0 vs. OMF-N0). However, HCl-Pt stocks
significantly decreased with OM addition in 0–30 cm soil
depth (Tab. 2S). Further, in the topsoil (0–30 cm) of the miner-
al N input treatments, resin-Pt and HCl-Pt stocks were signifi-
cantly smaller than those without mineral N fertilization,
whereas in the upper subsoil (30–50 cm), NaHCO3-Pt and
NaOH-Pt stocks of N input treatments were significantly larg-
er than those without mineral N fertilization (Tab. 6). There
were no significant differences among mineral N treatments
in resin-Pt, NaHCO3-Pt and NaOH-Pt stocks in the deeper

subsoil (50–100 cm), while HCl-Pt stocks were largest in soils
with N0 and residual P stocks were largest in treatment of
N100 (Tab. 6).

3.4 Pi and Po stocks at different soil depths

In the topsoil, FYM and OMF addition significantly decreased
the stocks of NaOH-Pi, HCl-Pi, and residual Pi, as well as of
resin-Po and NaHCO3-Po. Stocks of resin-Pi and NaHCO3-Pi
in the topsoil were significantly smaller for N addition treat-
ments than for treatments without mineral N fertilization
(Tab. 3S). In the upper subsoil, however, both resin-Po and
NaHCO3-Po stocks of N addition treatments were greater
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Table 3: Total P stocks (soil layer: 0–100 cm) measured by sequential P fractionation (P seq) and XRF (P XRF, X-ray fluorescence) as well as
soil N:P ratio for no organic fertilizer (NOF), farmyard manure (FYM), and a combination of organic and mineral N fertilizer (OMF) treatments;
each organic fertilizer treatment was multiplied with three levels of mineral N addition: 0 kg ha–1 y–1 (N0), 100 kg ha–1 y–1 (N100), and
200 kg ha–1 y–1 (N200).

Extractable P in soils by
sequential P fractionation
(tons ha–1)

Total P in soils by
XRF
(tons ha–1)

P stocks ratio
(%, P seq / P XRF)

N:P ratio
(total N / XRF P)

No organic fertilizer
(NOF)

N0 6.55 – 0.21 28.80 22.74 0.29

N100 6.74 – 0.22 25.40 26.54 0.35

N200 6.13 – 0.22 27.30 22.45 0.35

Farmyard manure
(FYM)

N0 6.40 – 0.14 29.30 21.84 0.28

N100 7.37 – 0.16 28.20 26.13 0.35

N200 6.00 – 0.28 26.50 22.64 0.35

Organomineral fertilizer
(OMF)

N0 6.34 – 0.07 27.60 22.97 0.29

N100 6.85 – 0.03 27.80 24.64 0.35

N200 5.33 – 0.33 25.80 20.66 0.33

Table 4: The average P uptake by harvested products per hectare and year from 1984 to 2016 for no organic fertilizer (NOF), farmyard manure
(FYM), and a combination of organic and mineral N fertilizer (OMF) treatments; each organic fertilizer treatment was multiplied with three levels
of mineral N addition: 0 kg ha–1 y–1 (N0), 100 kg ha–1 y–1 (N100), and 200 kg ha–1 y–1 (N200). The crop rotation is sugar beet (replaced by maize
in 2009), winter wheat and spring barley. Each crop is grown for one year.

Average from 1984 to 2009 Average from 2009 to 2016

Sugar beet Wheat Barley Maize Wheat Barley

(kg ha–1 y–1) (kg ha–1 y–1)

No organic fertilizer
(NOF)

N0 7.64 11.91 10.17 12.22 10.95 15.80

N100 10.65 26.88 25.48 16.98 29.15 30.55

N200 11.22 33.60 30.72 18.11 40.85 37.09

Farmyard manure
(FYM)

N0 9.99 19.51 14.44 18.02 24.13 19.51

N100 11.70 33.08 28.02 19.24 39.75 34.61

N200 12.04 38.45 31.03 19.77 44.16 40.23

Organomineral fertilizer
(OMF)

N0 9.73 26.40 18.94 17.02 25.18 22.69

N100 11.30 37.09 29.37 18.72 40.67 37.92

N200 12.18 40.15 30.72 18.98 45.51 40.89
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than those without mineral N fertilization (Tab. 7). For NaOH-
Pi, HCl-Pi and residual P, the treatment of N100 tended to
have the largest P stocks among all N treatments. Moreover,
mineral N addition resulted in significantly higher NaOH-Po
and HCl-Po stocks in topsoil and upper subsoil (Tab. 7).

3.5 Oxygen isotopic composition of HCl-
extractable phosphate (d18OP)

d18OP values decreased with soil depth. The different types of
organic amendment did not affect the d18OP values in soil sig-
nificantly (Tab. 4S). However, throughout the soil profile, the
d18OP values of mineral N input treatments were greater than
those of the treatment without mineral N fertilization in all
NOF, FYM and OMF treatments (Fig 1). Furthermore, the
d18OP values of mineral N input treatments were closer to the
theoretical equilibrium value in FYM and OMF treatments
than in NOF treatments (Fig. 1).

4 Discussion

4.1 P stocks in soil profile

The Pt seq stocks are recognized as an estimation of the maxi-
mum P availability to plants. However, the Pt seq stocks did
not match the Pt XRF stocks, which is due to non-extractable
mineral P, such as the P bound to silicate (Ivanov et al.,
2012). In our study, OM input (FYM and OMF treatments) in-
creased the P balance (DP) between the start of the experi-
ment and the current sampling in comparison with the NOF
treatment (Tab. 5). This was due to P addition upon applica-
tion of organic fertilizers. However, DP in N100 and N200
treatments was lower than that in the N0 treatment because
of higher P output (Tabs. 4 and 5). In NOF and FYM treat-
ments, the higher P output with yields in mineral N addition
treatments almost equaled the decline in P stocks from se-

quential P fractionation with increas-
ing mineral N addition. This indi-
cates that enhanced P losses upon
N fertilization occurred mainly in P
pools that can be extracted with se-
quential P fractionation.

The soil N:P ratio increased with
mineral N addition in each OM treat-
ment because of the enhanced N
fertilizer input and soil P uptake by
harvest. In addition, the soil N:P ra-
tio in this experiment was lower
than in other studies (Cleveland and
Liptzin, 2007; Tian et al., 2010)
(Tab. 3), which was not only due to
the higher Pt XRF stocks being used
for N:P ratio calculation rather than
Pt seq stocks, but also likely indi-
cates N limitation. Thus, crop
growth and microbial activity are
boosted by N inputs (Marklein and
Houlton, 2012; Fan et al., 2019),
thereby decreasing P stocks of se-

quential P fractions with increasing N addition. In addition,
elevated input of mineral N led to decreased total P stocks in
the soil profile (0–100 cm) (Tab. 3), which was also observed
in other long-term field experiments (Bauke et al., 2018). This
was due to increased P export with elevated crop yields fol-
lowing N fertilization (Tab. 4). The increase in plant productiv-
ity with N fertilization could further result in the release of
more organic acids through root exudation (Olander and Vi-
tousek, 2000). Such root exudates promote P solubilization
for crop uptake. Accordingly, in our experiment mainly the Pi
fractions were affected by N fertilization.

Compared with N100, topsoil Pt stocks in sequential P frac-
tions were smaller in N200. Again, we attribute this observa-
tion to higher crop P demand with higher mineral N supply.
However, not only the available Pt stocks were depleted with
increasing mineral N addition, but also the Pt stocks in frac-
tions less available to plants (HCl-Pt stocks and residual P
stocks). Probably, the labile P fractions were constantly re-
plenished from moderately labile P (NaOH-Pt) or more stable
P fractions such as HCl-P and residual P (Solomon and Leh-
mann, 2000; von Sperber et al., 2017b; Fan et al., 2019). Re-
sults of a short-term incubation study (Guo et al., 2000) and
of a long-term arable field survey (von Sperber et al., 2017b)
indicated that labile P fractions were more sensitive to plant
uptake, but that release of P from stable P fractions can com-
pensate these losses.

Amelung et al. (2015) outlined that plant P acquisition de-
clines in subsoil, defining the upper subsoil as a transition
zone from P acquisition from biological recycling to P acquisi-
tion from parent material. We found that in the upper subsoil
at 30–50 cm depth stocks of more readily available fractions
(resin-Pt and NaHCO3-Pt) and stocks of the moderately labile
fraction (NaOH-Pt) were increased upon N input, whereas
stable Pt stocks showed the opposite trend. This finding con-
trasts that of Bauke et al. (2018), who reported that elevated
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Table 5: Total P input by fertilizers, P output by harvested products, and DP (difference between
P input and output) per hectare from 1984 to 2016 for no organic fertilizer (NOF), farmyard manure
(FYM), and a combination of organic and mineral N fertilizer (OMF) treatments; each organic ferti-
lizer treatment was multiplied with three levels of mineral N addition: 0 kg ha–1 y–1 (N0), 100 kg
ha–1 y–1 (N100), and 200 kg ha–1 y–1 (N200).

P input P output DP

(tons ha–1)

No organic fertilizer
(NOF)

N0 0.33 0.35 –0.02

N100 0.33 0.73 –0.40

N200 0.33 0.88 –0.55

Farmyard manure
(FYM)

N0 0.73–0.96 0.53 0.20–0.43

N100 0.73–0.96 0.85 –0.13–0.11

N200 0.73–0.96 0.95 –0.23–0.01

Organomineral fertilizer
(OMF)

N0 0.72–0.74 0.63 0.09–0.11

N100 0.72–0.74 0.90 –0.19–(–0.16)

N200 0.72–0.74 0.97 –0.25–(–0.22)
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N input promoted P uptake from the deeper soil layers. The
main difference between the study of Bauke et al. (2018) and
our research is that mineral N was added together with organ-
ic fertilizers. It has been reported that organic fertilizer addi-
tion stimulated microbial activity and microbial P turnover
(Deng et al., 2017), but the total and available P stocks in soil
decreased because of a higher P budget deficit (Oehl et al.,
2001; Maranguit et al., 2017). This is in line with our results
that stocks of stable Pi and labile Po declined with organic
fertilizer addition in the topsoil (Tab. 3S). The interactive ef-
fects of organic fertilizer and mineral N fertilizer was signifi-
cant for moderately labile or stable P stocks, which indicated
that P desorption and mineralization could be increased when
other nutrients such as N and C are applied in sufficient

amounts. In turn, P associated with OM could be transferred
to deeper soil layers, causing increased P content in subsoil
(Medinski et al., 2018). Several other processes potentially
could be involved, such as:

. Input of labile OM could facilitate the mobilization of P from
stable P pools to labile P pools in the upper subsoil where
surface application of organic and mineral fertilizers did not
replenish P taken up by the crops. The increase in labile Pi
stocks in the upper subsoil (30–50 cm depth) with mineral
N addition support this assumption.

. Besides Pi stocks, Po stocks in the upper subsoil in mineral
N addition treatments were also larger than those in treat-
ments without mineral N addition, indicating elevated input
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Table 6: Phosphorus stocks of sequential P fractionation in no organic fertilizer (NOF), farmyard manure (FYM), and a combination of organic
and mineral N fertilizer (OMF) treatments were given as mean with standard error (SE) (n = 3); each organic fertilizer treatment was multiplied
with three levels of mineral N addition: 0 kg ha–1 y–1 (N0), 100 kg ha–1 y–1 (N100), and 200 kg ha–1 y–1 (N200).a

Depth
(cm)

Resin P stocks
(tons ha–1)

NaHCO3 P stocks
(tons ha–1)

NaOH P stocks
(tons ha–1)

HCl P stocks
(tons ha–1)

residual P stocks
(tons ha–1)

N0 N100 N200 N0 N100 N200 N0 N100 N200 N0 N100 N200 N0 N100 N200

0–30 NOF Pt 0.40
bA

0.32
abA

0.30
aA

0.30
aA

0.30
aB

0.27
aA

0.65
aB

0.57
aA

0.64
aA

1.01
bA

1.02
bC

0.91
aA

0.82
aA

1.28
bB

0.81
aA

SE 0.03 0.02 0.03 0.01 0.01 0.01 0.03 0.01 0.04 0.02 0.02 0.02 0.05 0.04 0.09

FYM Pt 0.43
bA

0.36
abA

0.32
aA

0.29
aA

0.31
aB

0.28
aA

0.58
aAB

0.75
aA

0.60
aA

0.95
aA

0.89
aB

0.83
aA

0.81
aA

1.23
bAB

0.82
aA

SE 0.03 0.02 0.03 0.00 0.01 0.02 0.01 0.09 0.04 0.04 0.01 0.06 0.01 0.03 0.14

OMF Pt 0.37
bA

0.33
aA

0.30
aA

0.31
aA

0.25
aA

0.26
aA

0.56
aA

0.73
bA

0.61
aA

0.91
bA

0.80
aA

0.84
abA

0.80
aA

1.08
bA

0.61
aA

SE 0.02 0.01 0.02 0.01 0.00 0.03 0.02 0.02 0.04 0.03 0.04 0.03 0.04 0.07 0.08

30–50 NOF Pt 0.07
abA

0.07
aA

0.09
bA

0.09
aA

0.10
aA

0.12
bB

0.26
abA

0.24
aA

0.35
bA

0.32
aA

0.17
aA

0.32
aA

0.53
aA

0.74
bA

0.58
abB

SE 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.05 0.10 0.02 0.05 0.04 0.03 0.01

FYM Pt 0.05
aA

0.06
aA

0.07
aA

0.07
aA

0.10
bA

0.11
bAB

0.21
aA

0.35
bAB

0.29
abA

0.41
aA

0.28
aA

0.27
aA

0.54
aA

0.75
bA

0.54
aB

SE 0.01 0.01 0.01 0.01 0.01 0.00 0.02 0.06 0.01 0.10 0.06 0.03 0.01 0.07 0.02

OMF Pt 0.04
aA

0.09
aA

0.07
aA

0.08
aA

0.10
aA

0.10
aA

0.23
aA

0.37
bB

0.27
abA

0.51
aA

0.29
aA

0.30
aA

0.54
bA

0.77
cA

0.41
aA

SE 0.01 0.01 0.01 0.02 0.00 0.01 0.05 0.01 0.01 0.17 0.05 0.05 0.01 0.01 0.02

50–100 NOF Pt 0.05
aA

0.04
aA

0.05
aA

0.07
aA

0.08
aA

0.09
aA

0.23
aA

0.21
aA

0.27
aA

1.09
bA

0.64
aA

0.71
abA

0.66
aA

0.96
bA

0.63
aB

SE 0.01 0.00 0.01 0.02 0.00 0.01 0.04 0.02 0.04 0.13 0.15 0.02 0.02 0.09 0.03

FYM Pt 0.05
aA

0.05
aA

0.06
aA

0.06
aA

0.09
aA

0.09
aA

0.19
aA

0.31
aA

0.25
aA

1.06
aA

0.87
aA

0.81
aA

0.70
aA

0.96
bA

0.66
aB

SE 0.01 0.02 0.02 0.01 0.03 0.03 0.02 0.08 0.04 0.06 0.20 0.08 0.01 0.02 0.05

OMF Pt 0.04
aA

0.06
aA

0.05
aA

0.07
aA

0.08
aA

0.07
aA

0.21
aA

0.26
aA

0.22
aA

0.95
aA

0.78
aA

0.80
aA

0.71
bA

0.87
bA

0.44
aA

SE 0.02 0.02 0.01 0.02 0.02 0.01 0.05 0.03 0.01 0.09 0.15 0.11 0.06 0.06 0.05

aCapital letters indicate significant differences among OM treatments; lower case letters indicate significant differences among N treatments.
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of Po, possibly related to increased root biomass. Elevated
N supply in the topsoil improved overall crop growth, and
thus increased the deposition of root-derived P. This idea is
in line with earlier ecosystem research showing that N ferti-
lization stimulated the growth of roots (Tu et al., 2006),
while their subsequent decomposition increased the Po
contents in the subsoil (Campbell et al., 1993).

. Soil P sorption capacity decreased by long-term excessive
P fertilization (Koch et al., 2018). When topsoil P sorption
capacity declines due to continuous P fertilizer input, in-
creasing leaching of P into deeper soil layers may occur
(Medinski et al., 2018). In addition, it was reported that
higher P stocks in upper subsoil due to P leaching occurred

in agricultural (Kang et al., 2011), grassland (Toor et al.,
2005), and forest ecosystems (Frossard et al., 1989).

In the lower subsoil at 50–100 cm depth, P stocks did not
show significant differences among N treatments in labile and
moderately labile P stocks, likely because of less roots and
lower microbial activity.

4.2 Oxygen isotopic composition of HCl-
extractable phosphate (d18OP)

The above-mentioned changes in the P stocks of sequential
fractions reflect alterations in the P balance with OM and min-
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Table 7: Stocks of Labile Pi (sum of resin-Pi and NaHCO3-Pi) and non-labile Pi (sum of NaOH-Pi, HCl-Pi and residual-Pi) stocks, labile Po
(NaHCO3-Po) and non-labile Po (sum of NaOH-Po and HCl-Po) in no organic fertilizer (NOF), farmyard manure (FYM), and a combination of
organic and mineral N fertilizer (OMF) treatments were given as mean with standard error (SE) (n = 3); each organic fertilizer treatment was
multiplied with three levels of mineral N addition: 0 kg ha–1 y–1 (N0), 100 kg ha–1 y–1 (N100), and 200 kg ha–1 y–1 (N200).a

Depth
(cm)

Labile Pi stocks
(tons ha–1)

Non-labile Pi stocks
(tons ha–1)

Labile Po stocks
(tons ha–1)

Non-labile Po stocks
(tons ha–1)

N0 N100 N200 N0 N100 N200 N0 N100 N200 N0 N100 N200

0–30 NOF P 0.62
bA

0.53
abA

0.48
aA

2.20
aA

2.62
bC

2.05
aA

0.08
aA

0.08
aB

0.09
aA

0.27
aA

0.26
aA

0.30 aA

SE 0.04 0.02 0.04 0.09 0.05 0.12 0.01 0.01 0.01 0.02 0.02 0.02

FYM P 0.65
bA

0.60
abB

0.52
aA

2.07
abA

2.46
bB

1.96
aA

0.08
aA

0.07
aAB

0.07
aA

0.27
aA

0.41
aAB

0.29 aA

SE 0.03 0.01 0.04 0.03 0.02 0.20 0.00 0.01 0.01 0.01 0.10 0.00

OMF P 0.60
aA

0.52
aA

0.50
aA

2.01
abA

2.14
bA

1.78
aA

0.08
bA

0.06
aA

0.06
abA

0.25
aA

0.47
bB

0.27 aA

SE 0.03 0.02 0.04 0.03 0.03 0.12 0.01 0.00 0.01 0.02 0.04 0.03

30–50 NOF P 0.14
abA

0.14
aA

0.17
bB

1.00
aA

1.05
aA

1.07
aB

0.02
aA

0.03
aA

0.04
aB

0.12
aA

0.10
aA

0.18 aA

SE 0.01 0.01 0.01 0.12 0.05 0.03 0.01 0.01 0.00 0.00 0.01 0.04

FYM P 0.10
aA

0.12
aA

0.14
aA

1.06
aA

1.19
aA

0.96
aAB

0.02
aA

0.04
bA

0.04
bAB

0.10
aA

0.18
bB

0.13
abA

SE 0.02 0.02 0.01 0.09 0.08 0.04 0.00 0.00 0.00 0.01 0.03 0.00

OMF P 0.10
aA

0.16
aA

0.14
aA

1.16
bA

1.21
bA

0.86
aA

0.02
aA

0.04
aA

0.03
aA

0.12
aA

0.22
bB

0.12 aA

SE 0.03 0.01 0.01 0.11 0.04 0.06 0.00 0.00 0.00 0.02 0.01 0.01

50–100 NOF P 0.24
aA

0.22
aA

0.24
aA

3.84
aA

3.66
aA

3.20
aA

0.04
aA

0.06
abA

0.08
bB

0.37
aA

0.26
aA

0.36 aA

SE 0.05 0.02 0.02 0.15 0.50 0.03 0.01 0.00 0.00 0.03 0.01 0.07

FYM P 0.21
aA

0.26
aA

0.29
aA

3.85
abA

4.15
bA

3.35
aA

0.03
aA

0.08
bA

0.05
abAB

0.39
abA

0.51
bB

0.33 aA

SE 0.04 0.10 0.07 0.05 0.33 0.20 0.01 0.01 0.02 0.04 0.05 0.01

OMF P 0.23
aA

0.25
aA

0.23
aA

3.69
bA

3.90
bA

2.80
aA

0.06
aA

0.06
aA

0.04
aA

0.33
aA

0.39
aAB

0.30 aA

SE 0.09 0.06 0.03 0.02 0.21 0.33 0.01 0.02 0.00 0.02 0.05 0.03

aCapital letters indicate significant differences among OM treatments; lower case letters indicate significant differences among N treatments.
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eral N fertilization. In contrast, alterations of oxygen isotope
ratios in phosphate result from P cycling and, thus, could be a
more sensitive indicator of soil P dynamics than mere se-
quential fractionation. In topsoil, the d18OP values in the FYM
and OMF treatments were closer to the expected equilibrium
value than in the NOF treatments (Fig. 1). It was suggested
that intracellular P cycling was the main reason for d18OP val-
ues close to equilibrium (Chang and Blake, 2015; Bauke
et al., 2018). The intensive intracellular recycling of P was en-
hanced by substantial C and N input, leading to a larger de-
gree of isotopic exchange between phosphate and ambient
water. This intracellular microbial turnover of phosphate is
subsequently incorporated into the isotopic signature of Ca-P
minerals by secondary precipitation (Bauke et al., 2018; Hel-
fenstein et al., 2018). Hence, the biological P recycling in ara-
ble soil seems affected by the addition of other nutrients, as
previously shown in short-term incubation studies (Gross
et al., 2015) and long-term fertilization experiments (Kaspari

et al., 2008). The d18OP values of NOF treatments partially re-
tained the value of the fertilizer P (Amelung et al., 2015) or of
phosphate released from OM (Tamburini et al., 2018), be-
cause of less intense enzymatic P recycling with insufficient
C and N supply.

In subsoil, the d18OP values of treatments with mineral N addi-
tion were greater than those without mineral N addition and
closer to the expected equilibrium value, which hinted at ele-
vated microbial cycling upon N input (Oehl et al., 2001). In the
layer of 30–50 cm, the d18OP values also could be still af-
fected by leached fertilizer P. We did not analyze the isotope
value of P fertilizers applied at the site but the isotopic value
of triple superphosphate fertilizer was reported to be in the
range of around 20% (Amelung et al., 2015). The fertilizer
d18OP value is thus much higher than the d18OP values in soil
phosphate. Leaching of fertilizer P may have caused the
d18OP values of the N100 treatment in NOF exceeding the
maximum expected equilibrium value.

Below 50 cm soil depth, the d18OP values were smaller than
the expected equilibrium value. This is due to generally lower
soil microbial biomass and root density in subsoil than in sur-
face soil, resulting in lower biological turnover of P (Amelung
et al., 2015; Bauke et al., 2017, 2018). In the soil layer of
70–100 cm, there were no differences in d18OP values among
treatments. The most likely explanation is that most of the
phosphate had not equilibrated with soil water due to the
small amounts of microbial biomass, and thus, the d18OP val-
ues retained the value of the soil parent material (Angert
et al., 2012; Tamburini et al., 2012; Amelung et al., 2015).

5 Conclusions

Nitrogen fertilization increased biological P cycling in top- and
subsoil horizons, which emphasizes that fertilization effects
extend beyond the tilled topsoil horizon. The long-term OM
and mineral N fertilization promoted crop P uptake from labile
fractions, whereas subsoil P stocks in labile fractions were in-
creased, probably by enhanced input of root litter. Sustainable
management of P stocks in arable soils should thus not only
focus on direct effects of P fertilization but should also consid-
er cross-cutting effects between P cycling and other nutrients
such as C or N both in topsoil and in subsoil.
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Figure 1: d18OP values of HCl-extractable P of the no organic
fertilizer (NOF), farmyard manure (FYM), and a combination of
organic and mineral N fertilizer (OMF) treatments; each organic
fertilizer treatment was multiplied with three levels of mineral N
addition: 0 kg ha–1 y–1 (N0), 100 kg ha–1 y–1 (N100), and
200 kg ha–1 y–1 (N200). The error bars indicate the standard error of
the mean of field replicates (n = 3). The solid line indicates the mean
expected equilibrium value, and the dashed vertical lines represent
the minimum and maximum expected equilibrium value calculated
with the monthly minimum and maximum temperature from the years
1978 to 2013.
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Lewandowski, H., Pätzold, S., Barej, J. A. M. (2015): The d18O
signatures of HCl-extractable soil phosphates: methodological
challenges and evidence of the cycling of biological P in arable
soil. Eur. J. Soil Sci. 66, 965–972.

Angert, A., Weiner, T., Mazeh, S., Tamburini, F., Frossard, E.,
Bernasconi, S. M., Sternberg, M. et al. (2011): Seasonal variability
of soil phosphate stable oxygen isotopes in rainfall manipulation
experiments. Geochim. Cosmochim. Ac. 75, 4216–4227.

Angert, A., Weiner, T., Mazeh, S., Sternberg, M. (2012): Soil phos-
phate stable oxygen isotopes across rainfall and bedrock
gradients. Environ. Sci. Technol. 46, 2156–2162.

Arruda, B., Dall’orsoletta, D. J., Heidemann, J. C., Gatiboni, L. C.
(2018): Phosphorus dynamics in the rhizosphere of two wheat
cultivars in a soil with high organic matter content. Arch. Agron.
Soil Sci. 67, 1011–1020.

Barej, J. A. M., Pätzold, S., Perkons, U., Amelung, W. (2014): Phos-
phorus fractions in bulk subsoil and its biopore systems. Eur. J.
Soil Sci. 65, 553–561.

Bauke, S. L., von Sperber, C., Siebers, N., Tamburini, F., Amelung,
W. (2017): Biopore effects on phosphorus biogeochemistry in
subsoils. Soil Biol. Biochem. 111, 157–165.

Bauke, S. L., von Sperber, C., Tamburini, F., Gocke, M. I., Honer-
meier, B., Schweitzer, K., Baumecker, M., Don, A., Sandhage-
Hofmann, A., Amelung, W. (2018): Subsoil phosphorus is affected
by fertilization regime in long-term agricultural experimental trials.
Eur. J. Soil Sci. 69, 103–112.

Campbell, C. A., Biederbeck, V. O., Winkleman, G. .E., Lafond, G. P.
(1993): Influence of legumes and fertilization on deep distribution
of available phosphorus (Olsen-P) in a thin Black Chernozemic
soil. Can. J. Soil Sci. 73, 555–565.

Chang, S. J., Blake, R. E. (2015): Precise calibration of equilibrium
oxygen isotope fractionations between dissolved phosphate and
water from 3 to 37�C. Geochim. Cosmochim. Ac. 150, 314–329.

Chen, H., Chen, M., Li, D., Mao, Q., Zhang, W., Mo, J. (2018):
Responses of soil phosphorus availability to nitrogen addition in a
legume and a non-legume plantation. Geoderma 322, 12–18.

Cleveland, C. C., Liptzin, D. (2007): C:N:P stoichiometry in soil: is
there a ‘‘Redfield ratio’’ for the microbial biomass? Biogeochem-
istry 85, 235–252.

Cordell, D., Drangert, J. O., White, S. (2009): The story of phos-
phorus: global food security and food for thought. Glob. Environ.
Change 19, 292–305.

D’Angelo, E., Crutchfield, J., Vandiviere, M. (2001): Rapid, sensitive,
microscale determination of phosphate in water and soil. J.
Environ. Qual. 30, 2206–2209.

Deng, Q., Hui, D., Dennis, S., Reddy, K. C. (2017): Responses of
terrestrial ecosystem phosphorus cycling to nitrogen addition: A
meta-analysis. Glob. Ecol. Biogeogr. 26, 713–728.

Fan, Y., Zhong, X., Lin, F., Liu, C., Yang, L., Wang, M., Chen, G.,
Chen, Y., Yang, Y. (2019): Responses of soil phosphorus fractions

after nitrogen addition in a subtropical forest ecosystem: Insights
from decreased Fe and Al oxides and increased plant roots.
Geoderma 337, 246–255.

Frossard, E., Stewart, J. W. B., Arnaud, R. J. S. T. (1989): Distribution
and mobility of phosphorus in grassland and forest soils of
Saskatchewan. Can. J. Soil Sci. 69, 401–416.

Gross, A., Turner, B. L., Wright, S. J., Tanner, E. V. J., Reichstein, M.,
Weiner, T., Angert, A. (2015): Oxygen isotope ratios of plant
available phosphate in lowland tropical forest soils. Soil Biol.
Biochem. 88, 354–361.

Guo, F., Yost, R. S., Hue, N. V., Evensen, C. I., Silva, J. A. (2000):
Changes in phosphorus fractions in soils under intensive plant
growth. Soil Sci. Soc. Am. J. 64, 1681–1689.

Hedley, M. J., Stewart, J. W. B., Chauhan, B. S. C. (1982): Changes
in inorganic and organic soil phosphorus fractions induced by culti-
vation practices and by laboratory incubations. Soil Sci. Soc. Am.
J. 46, 970–976.

Heine, K. (1970): Einige Bemerkungen zu den Liefergebieten und
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Koch, M., Kruse, J., Eichler-Löbermann, B., Zimmer, D., Willbold, S.,
Leinweber, P., Siebers, N. (2018): Phosphorus stocks and speci-
ation in soil profiles of a long-term fertilizer experiment: Evidence
from sequential fractionation, P K-edge XANES, and 31P NMR
spectroscopy. Geoderma 316, 115–126.

Liang, Y., Blake, R. E. (2006): Oxygen isotope signature of Pi regen-
eration from organic compounds by phosphomonoesterases and
photooxidation. Geochim. Cosmochim. Ac. 70, 3957–3969.

Liang, Y., Blake, R. E. (2009): Compound- and enzyme-specific phos-
phodiester hydrolysis mechanisms revealed by d18O of dissolved
inorganic phosphate: Implications for marine P cycling. Geochim.
Cosmochim. Ac. 73, 3782–3794.

ª 2021 The Authors. Journal of Plant Nutrition and Soil Science published by Wiley-VCH GmbH www.plant-soil.com

292 Wang, Bauke, von Sperber et al. J. Plant Nutr. Soil Sci. 2021, 184, 282–293



Macholdt, J., Piepho, H. P., Honermeier, B. (2019): Mineral NPK and
manure fertilization affecting the yield stability of winter wheat:
Results from a long-term field experiment. Eur. J. Agron. 102,
14–22.

Maranguit, D., Guillaume, T., Kuzyakov, Y. (2017): Land-use change
affects phosphorus fractions in highly weathered tropical soils.
Catena 149, 385–393.

Marklein, A. R., Houlton, B. Z. (2012): Nitrogen inputs accelerate
phosphorus cycling rates across a wide variety of terrestrial
ecosystems. New Phytol. 193, 696–704.

Medinski, T., Freese, D., Reitz, T. (2018): Changes in soil phosphorus
balance and phosphorus-use efficiency under long-term ferti-
lization conducted on agriculturally used Chernozem in Germany.
Can. J. Soil Sci. 98, 650–662.

Oehl, F., Oberson, A., Probst, M., Fliessbach, A., Roth, H. R.,
Frossard, E. (2001): Kinetics of microbial phosphorus uptake in
cultivated soils. Biol. Fertil. Soils 34, 31–41.

Olander, L. P., Vitousek, P. M. (2000): Regulation of soil phosphatase
and chitinase activity by N and P availability. Biogeochemistry 49,
175–191.

O’Neil, J. R., Vennemann, T. W., MaKenzie, W. F. (2003): Effects of
speciation on equilibrium fractionations and rates of oxygen
isotope exchange between (PO4)aq and H2O. Geochim.
Cosmochim. Ac. 67, 3135–3144.

Richardson, A. E., Lynch, J. P., Ryan, P. R., Delhaize, E., Smith,
F. A., Smith, S. E., Harvey, P. R., Ryan, M. H., Veneklaas, E. J.,
Lambers, H., Oberson, A., Culvenor, R. A., Simpson, R. J. (2011):
Plant and microbial strategies to improve the phosphorus efficiency
of agriculture. Plant Soil 349, 121–156.

Solomon, D., Lehmann, N. J. (2000): Loss of phosphorus from soil in
semi-arid northern Tanzania as a result of cropping: evidence from
sequential extraction and 31P-NMR spectroscopy. Eur. J. Soil Sci.
51, 699–708.

Tamburini, F., Bernasconi, S. M., Angert, A., Weiner, T., Frossard, E.
(2010): A method for the analysis of the d 18O of inorganic phos-
phate extracted from soils with HCl. Eur. J. Soil Sci. 61,
1025–1032.

Tamburini, F., Pfahler, V., Bünemann, E. K., Guelland, K., Bernasconi,
S. M., Frossard, E. (2012): Oxygen isotopes unravel the role of
microorganisms in phosphate cycling in soils. Environ. Sci.
Technol. 46, 5956–5962.

Tamburini, F., Pfahler, V., von Sperber, C., Frossard, E., Bernasconi,
S. M. (2014): Oxygen isotopes for unraveling phosphorus transfor-
mations in the soil–plant system: A review. Soil Sci. Soc. Am. J.
78, 38–46.

Tamburini, F., Pistocchi, C., Helfenstein, J., Frossard, E. (2018): A
method to analyse the isotopic composition of oxygen associated
with organic phosphorus in soil and plant material. Eur. J. Soil Sci.
69, 816–826.

Tian, H., Chen, G., Zhang, C., Melillo, J. M., Hall, C. A. S. (2010):
Pattern and variation of C:N:P ratios in China’s soils: A synthesis
of observational data. Biogeochemistry 98, 139–151.

Tiessen, H., Moir, J. (1993): Characterization of Available P by
Sequential Extraction, in Carter, M. R., Gregorich, E. G. (eds.): Soil
Sampling and Methods of Analysis Lewis Publisher, Boca Raton,
FL, USA, pp. 75–86.

Toor, G. S., Condron, L. M., Cade-Menun, B. J., Di, H. J., Cameron,
K. C. (2005): Preferential phosphorus leaching from an irrigated
grassland soil. Eur. J. Soil Sci. 56, 155–167.

Tu, C., Booker, F. L., Watson, D. M., Chen, X., Rufty, T. W., Shi, W.,
Hu, S. (2006): Mycorrhizal mediation of plant N acquisition and
residue decomposition: Impact of mineral N inputs. Global Change
Biol. 12, 793–803.

VDLUFA (1976): Methodenbuch Band III: Die Untersuchung von
Futtermitteln, 3. Aufl. 8. VDLUFA-Verlag, Darmstadt, Germany.

VDLUFA (1991): Methodenbuch Band I: Die Untersuchung von
Böden, 4. Ed. VDLUFA-Verlag, Darmstadt, Germany.

von Sperber, C., Kries, H., Tamburini, F., Bernasconi, S. M.,
Frossard, E. (2014): The effect of phosphomonoesterases on the
oxygen isotope composition of phosphate. Geochim. Cosmochim.
Ac. 125, 519–527.

von Sperber, C., Tamburini, F., Brunner, B., Bernasconi, S. M.,
Frossard, E. (2015): The oxygen isotope composition of phosphate
released from phytic acid by the activity of wheat and Aspergillus
niger phytase. Biogeosciences 12, 4175–4184.

von Sperber, C., Lewandowski, H., Tamburini, F., Bernasconi, S. M.,
Amelung, W., Frossard, E. (2017a): Kinetics of enzyme-catalysed
oxygen isotope exchange between phosphate and water revealed
by Raman spectroscopy. J. Raman Spectrosc. 48, 368–373.

von Sperber, C., Stallforth, R., du Preez, C. C., Amelung, W. (2017b):
Changes in soil phosphorus pools during prolonged arable
cropping in semi-arid grasslands. Eur. J. Soil Sci. 68, 462–471.

Walter, K., Don, A., Tiemeyer, B., Freibauer, A. (2016): Determining
soil bulk density for carbon stock calculation: a systematic method
comparison. Soil Sci. Soc. Am. J. 80, 579–591.

Wang, Y.-P., Houlton, B. Z., Field, C. B. (2007): A model of biogeo-
chemical cycles of carbon, nitrogen, and phosphorus including
symbiotic nitrogen fixation and phosphatase production. Glob.
Biogeochem. Cy. 21. DOI: https://doi.org/10.1029/2006GB002797.

Withers, P. J. A., Rodrigues, M., Soltangheisi, A., de Carvalho, T. S.,
Guilherme, L. R. G., de M. Benites, V., Gatiboni, L. C., de Sousa,
D. M. G., de S. Nunes, R., Rosolem, C. A., Andreote, F. D., de
Oliveira Jr., A., Coutinho, E. L. M., Pavinato, P. S. (2018): Tran-
sition to sustainable management of phosphorus in Brazilian agri-
culture. Sci. Rep. 8. DOI: https://doi.org/10.1038/s41598-018-
20887-z.

ª 2021 The Authors. Journal of Plant Nutrition and Soil Science published by Wiley-VCH GmbH www.plant-soil.com

J. Plant Nutr. Soil Sci. 2021, 184, 282–293 Soil phosphorus cycling in long-term field trial 293


