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ABSTRACT

Liming enhances both organic phosphorus (P) mineralization and the precipitation of inorganic phosphates with calcium
(Ca) cations. To better understand how P storage and cycling in soil profiles are regulated by the interaction of long-term
P fertilization and liming, we collected soil samples from three German arable long-term field experiments in Berlin-Dahlem
(Albic Luvisol; sandy topsoil [0-30cm], and loamy subsoil [>30cm]), Dikopshof (Haplic Luvisol; silty-loamy topsoil, and
clayey-loamy subsoil), and Thyrow (Albic Luvisol; sandy soil). Treatments within each of these experiments had received
mineral fertilization with NKPCa (N: nitrogen; K: potassium; P: phosphorus; Ca: calcium, referring to liming), NKCa, NKP,
and NK or no fertilizer application (none) for at least 60years. Soil P stocks down to 100cm depth were assessed by Hedley
sequential P fractionation and the oxygen isotopic composition of 1M HCl-extractable phosphate (§'*0;) was analyzed as an
indicator of the degree of microbial P cycling over the decades of experimental duration. We found that mineral P fertilization
increased soil total P stocks in all P fractions regardless of differences in soil clay content among the different experiments.
Liming significantly decreased NaHCO,-Pi (Pi: inorganic P) and NaOH-Pi stocks by up to 50% across the three experiments
and soil depths, but tended to increase Po (organic P) stocks in these fractions by up to 40%, reflecting enhanced P uptake into
plant and microbial biomass when acidic soil conditions were improved by lime application. Soil HCI-Pi stocks in treatments
with long-term P fertilization and liming were larger by a factor of up to 1.8 compared to the unfertilized control plots, while
especially the plots without P fertilization showed smaller §'%0,, values of 11%. in the subsoil. These results indicate that, on
the one hand, biological P cycling was enhanced in fertilized treatments, but on the other hand, soluble Pi was precipitated
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as secondary Ca-P minerals into stable P fractions. These changes occurred both in the topsoil and upper subsoil (30-50 cm).
We conclude that the combined application of long-term P fertilization and liming to the surface soil also increased the uti-

lization of subsoil P.

1 | Introduction

Phosphorus (P) determines food production as a primary
limiting nutrient in many agricultural systems (Gao and
Deluca 2018). To ensure crop yields for a growing population,
P fertilization is used to increase or maintain soil P contents.
However, the availability of P in soils to plants is controlled by
pH-dependent sorption-desorption processes on reactive sur-
faces (Curtin and Syers 2001), and further varies among soil
orders and with clay content (He et al. 1999; Gocke et al. 2021).
Several management practices such as the application of lime
or other fertilizers rich in calcium (Ca) are used to adjust soil
pH (Sumner and Yamadu 2002; Huang et al. 2021; Tiecher
et al. 2023). Therefore, both P and Ca fertilizer applications
are critical for P availability and solubility, and further influ-
ence plant P uptake from the soil (Penn and Camberato 2019;
Pfahler et al. 2020).

As a measure of soil P characterization, the sequential extraction
procedure suggested by Hedley et al. (1982) is widely used to as-
sign soil P into different chemical fractions: resin-P, NaHCO,-P,
NaOH-P, HCI-P, and residual-P. These fractions comprise concep-
tual pools of soil P and are assumed to represent decreasing bio-
availability with increasing extractant strength, although several
studies have also pointed out that the fractions obtained by Hedley
extraction cannot be assigned to any specific chemical P forms
(Klotzbiicher et al. 2019; Gu and Margenot 2021). In general, P
fertilization increases soil P content in all sequential fractions,
whereas continuous cultivation with insufficient P fertilization
strongly depletes labile P fractions (resin-P and NaHCO,-P),
and also moderately depletes stable ones (HCI-P and residual-P)
(Tiessen et al. 1983; Campbell et al. 1986; Bauke et al. 2018).

Unlike for the effects of P fertilization on soil P fractions,
the effects of Ca fertilizer application and increased soil pH
on P concentration in soil solution are more ambiguous. The
addition of Ca and an increase in soil pH toward less acidic
or neutral conditions alter soil conditions by stabilizing soil
structure, by promoting mineralization of soil organic matter
(Filipek 2011; Wang, Yao, et al. 2021), and by increasing the
proportions of multivalent P species (HPO 2~ and PO,*") in soil
solution compared to monovalent H,PO,~ (Naidu et al. 1990;
Murphy 2007). With these increased proportions of multivalent
P species, soil P availability may either decrease due to the en-
hanced P sorption and precipitation (Beck and Sanchez 1994;
Boschetti et al. 2009), or increase when adsorbing surfaces be-
come more negatively charged as pH increases (Barrow 1984;
Curtin and Syers 2001). In consequence, a number of studies
have reported increased P fertilizer use efficiency by crops, but
no or inconsistent changes in concentrations of plant-available
soil P (e.g., Azeez et al. 2020; Qaswar et al. 2020; Huang
et al. 2021; Tiecher et al. 2023). It thus remains unclear how
long-term P and Ca fertilizer application affect soil P availabil-
ity both in the topsoil, and in deeper soil horizons of the subsoil
(e.g., up to 100 cm depth).

In addition to the assessment of soil P fractions, the oxygen iso-
topic composition of phosphate (§'%0,) can be a tracer for bio-
logical P cycling (Tamburini et al. 2010, 2014; Bauke 2021; von
Sperber et al. 2023). The P-O bond in phosphate is stable and no
oxygen isotope exchange with ambient water occurs in abiotic
conditions (Liang and Blake 2007), while oxygen exchange oc-
curs rapidly under enzymatic activity (Blake et al. 2005). A com-
plete exchange of oxygen atoms between phosphate and water
is catalyzed by the intracellular enzyme pyrophosphatase when
inorganic phosphate (Pi) is recycled in microbial or plant cells,
resulting in isotopic equilibrium (Blake et al. 2005; Chang and
Blake 2015). Thus, the similarity of §'30, values to the isotopic
equilibrium value indicates the extent of biological P cycling in
the soils (Bauke 2021; von Sperber et al. 2023).

Compared to other bioavailable P fractions, which may be subject
to diurnal or seasonal variability, 'c‘3180P values of the HCI fraction
of the sequential extraction procedure retain long-term informa-
tion of biological P cycling (Helfenstein et al. 2018) due to the con-
tinuous precipitation of biologically cycled P into secondary Ca-P
minerals (Amelung et al. 2015; Joshi et al. 2016; Bauke et al. 2018).
8'80,, values within the soil profile can thus be used to determine
to which depth soil P is affected by biological activity in different
soil textures and fertilization regimes (Amelung et al. 2015; Bauke
et al. 2018; Wang, Bauke, et al. 2021). It was reported that full fer-
tilization of NPK (nitrogen, phosphorus, and potassium) increased
biological cycling of soil P, leading to §'%0,, values closer to equi-
librium values in comparison to treatments without P fertilization
(Bauke et al. 2018), but that enhanced biological cycling of subsoil
P was also already mediated by increased supply of only N (Wang,
Bauke, et al. 2021). A first analysis of the combined effects of P and
Ca addition has been provided for topsoils of a long-term grassland
experiment (Pfahler et al. 2020), indicating a close link between
8'80,, values and soil pH. However, we still lack knowledge on the
8'80,, values in agricultural soil profiles extending into the sub-
soil in response to the interaction of long-term P and Ca fertilizer
application.

Here, we assumed that P and Ca additions and the related pH
increase do not only improve P supply in the surface soil but
also promote the cycling of subsoil P due to more and deeper
growth of crop roots in fertilized conditions. We sampled three
long-term field experiments with and without P fertilization
and liming. Sequential P fractionation and analysis of the ox-
ygen isotope composition of phosphate in the HCI-P fraction
(8'80,) were used to assess how P fertilization and liming af-
fect P stocks in different fractions and soil depths as well as
the biological cycling of P. In particular, we hypothesized that
(1) continued P fertilization over several decades (> 60years)
increases soil P stocks in all fractions, while liming decreases
labile Pi (sum of resin-Pi and NaHCO,-Pi) stocks due to Ca-P
precipitation and (2) long-term P fertilization and liming in-
crease biological soil P cycling at all soil depths, indicated by
880, values in the HCI-P fraction close to the expected equi-
librium value.
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Summary

Interactive effects of P fertilizer and lime application
are often assessed only for topsoil horizons.

Decadal application of liming decreased stocks of in-
organic phosphorus throughout the soil profile.

Combined application of P and Ca fertilizer en-
hanced subsoil P cycling compared to nonfertilized
treatments.

Long-term P fertilization and liming can increase the
utilization of subsoil P reserves.

2 | Materials and Methods
2.1 | Study Site and Samples

The three long-term fertilization experiments were located in
Berlin-Dahlem (52°28’ N, 13°17’ E), Dikopshof (50°48" N700
7°00" E), and Thyrow (52°15’ N, 13°14’ E), Germany. The ex-
periment in Dahlem was established in 1923 with a nonran-
domized block design (i.e., experimental replications were
arranged in blocks, but treatments within the blocks always
occurred in the same order) with three replicate blocks of plots
of 20m? each. The soil is characterized as Albic Luvisol (IUSS
Working Group WRB 2015) and developed from sand depos-
ited above a glacial till with soil texture ranging from sandy in
the topsoil (0-30cm) to loamy sand in the subsoil (30-100 cm).
The mean annual temperature in Dahlem is 9.9°C with a mean
annual precipitation of 562mm. The soil pH ranges from 4.2
to 6.8 and soil bulk density is 1.4-1.8 gcm™3. The 4-year crop
rotation is fodder beet (Beta vulgaris var. crassa), winter wheat
(Triticum aestivum L.), potato (Solanum tuberosum L.), and
again winter wheat. Four treatments for mineral fertilizer ap-
plication were considered here: NKPCa, NKCa, NKP, and NK.
The average amounts per crop rotation of N (ammonium sul-
fate nitrate), K (magnesium potassium), and, in the designated
treatments, P (superphosphate), and Ca (calcium carbonate)
fertilizer were 105, 125, 34, and 200kgha~!year™!, respec-
tively (Table 1).

The experiment at the University of Bonn research station
Dikopshof started in 1904. The soil was classified as a Haplic
Luvisol (IUSS Working Group WRB 2015) with a mean an-
nual temperature of 10.1°C and a mean annual precipitation of
630mm. The soil texture is a silty loam in the topsoil and clay
loam in the subsoil. The soil pH is 5.8-7.0 and soil bulk den-
sity ranges from 1.4 to 1.6gcm™ across different soil depths.
The field experiment is a nonrandomized block design without
replicates and each plot covers an area of 277.5m?. The 5-year
crop rotation comprises sugar beet (B. vulgaris), winter wheat
(T. aestivum L.), winter rye (Secale cereal L.), persian clover
(Trifolium resupinatum L.), and oat/potato (Avena L./S. tu-
berosum L., potato replaced oat in 1953). The three treatments
considered in this study were: NKPCa, NKCa, NKP, and no fer-
tilization as a control (none). Within each 5-year rotation, aver-
age fertilizer amounts of 46kgha~lyear !N, 116 kgha='year 'K,
31kghalyear™' P,and 229kgha~!year~' Ca were applied as am-
monium nitrate, potash, superphosphate, and burnt lime (Ca0O),

respectively, according to the experimental design (Table 1).
Although field management varied in the first 50years of the
field experiment, it has not changed since 1953. More details on
the field management were reported by Rueda-Ayala et al. (2018)
and Seidel et al. (2021).

The experiment at Thyrow was established in 1937 with a ran-
domized block design with four replicate plots, each having a
plot area of 72m?. The mean annual temperature is 9.2°C and
mean annual precipitation is 510 mm. The soil is classified as
Cutanic Albic Luvisol (IUSS Working Group WRB 2015) and
developed from periglacial sand over a loamy substrate of
calcareous glacial till (Bauke et al. 2018). The soil texture is
sandy with soil pH between 4.1 and 6.2. The soil bulk density
varies from 1.66 to 1.85gcm™3 across different soil depths. The
experiment was conducted under a rotation of spring barley
(Hordeum vulgare L.), potato (S. tuberosum L.), spring barley
(H. vulgare L.), and maize (Zea mays L.). It has 4 treatments of
mineral fertilizer application: NKPCa, NKCa, NKP, and NK.
N (ammonium nitrate and ammonium sulfate) and K (potas-
sium chloride and potassium sulfate) for one 4-year rotation
were applied at the rate of 75 and 100kgha~!year’. P (triple
superphosphate) and Ca (calcium carbonate or dolomitic lime)
treatments received 24 and 125kgha~lyear™!, respectively
(Table 1).

All soil samples were collected as undisturbed soil cores in
March 2016 by core sampler (sheath probe, inner diameter:
6cm). Cores were then cut into depth increments of 0-15, 15-30,
30-40, 40-50, 50-70, and 70-100cm for Dahlem, 0-30, 30-43,
43-50, 50-70, 70-84, and 84-100cm for Dikopshof and 0-24,
24-30, 30-50, 50-70, and 70-100cm for Thyrow, according to
the observed soil horizons. Linear interpolation was used for
the correction of soil depths between 30 and 100 cm when drill-
ing compaction occurred (Walter et al. 2016). All samples were
dried (40°C) and weighed, visible stones and plant residues were
removed, and the sample was passed through a sieve of 2mm
mesh size. In our results, the individual soil depths were sum-
marized to 0-30, 30-50, and 50-100cm for better visualization
of effects across sites.

2.2 | General Soil Parameters

Soil bulk density was calculated from the weight of air-dried
samples before sieving relative to the volume of the respective
depth increment in the soil core (Walter et al. 2016). Soil pH was
measured in 0.01M CaCl, suspension at a soil-solution ratio of
1:2.5 (w/v). Soil clay content was predicted from visible near in-
frared light reflectance spectroscopy (Hobley and Prater 2019).
Soil C and N concentrations were measured by dry combustion
(HEK Atech EuroEA 3000, Hekatech, Wegberg, Germany) after
grinding a subsample to fine powder. Soil C and N concentra-
tions were converted to stocks according to the bulk density of
the respective depth increments.

2.3 | Sequential P Fractionation

According to the modified protocol by Tiessen and Moir (1993),
0.5g air-dried soil was sequentially extracted by anion resin
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TABLE1 | Fertilization rates (kgha=!year!) per crop rotation in long-term field experiments in Dahlem, Dikopshof and Thyrow, Germany.

NKPCa NKCa NKP NK or none
Crops N K P Ca N K P Ca N K P Ca N K P Ca
Dahlem Fodder 120 149 44 0 120 149 0 0 120 149 44 0 120 149 0 0
beet
Winter 100 100 28 400 100 100 0 400 100 100 28 0 100 100 0 0
wheat
Potato 100 149 35 0 100 149 0 0 100 149 35 0 100 149 0 0
Winter 100 100 28 400 100 100 0 400 100 100 28 0 100 100 0 0
wheat
Rotation 105 125 34 200 105 125 0 200 105 125 34 0 105 125 0 0
mean
per year
Dikopshof Sugar 80 116 31 0 80 116 0 0 80 116 31 0 0 0 0 0
beet
Winter 60 116 31 0 60 116 0 0 60 116 31 0 0 0 0 0
wheat
Winter 40 116 31 0 40 116 0 0 40 116 31 0 0 0 0 0
rye
Persian 0 116 31 1143 0 116 0 1143 0 116 31 0 0 0 0 0
clover
Potato 50 116 31 0 50 116 0 0 50 116 31 0 0 0 0 0
Rotation 46 116 31 229 46 116 0 229 46 116 31 0 0 0 0 0
mean
per year
Thyrow Spring 60 100 24 125 60 100 0 125 60 100 24 0 60 100 0 0
barley
Potato 90 100 24 125 90 100 0 125 90 100 24 0 90 100 0 0
Spring 60 100 24 125 60 100 0 125 60 100 24 0 60 100 0 0
barley
Maize 90 100 24 125 90 100 0 125 90 100 24 0 90 100 0 0
Rotation 75 100 24 125 75 100 0 125 75 100 24 0 75 100 0 0
mean
per year

strips, 0.5M NaHCO,, 0.1M NaOH, 1M HCl, and hot aqua regia
(3:1 [v/v] mixture of concentrated HCl and concentrated HNO,).
Total P concentration in each fraction was measured by ICP-
OES (Ultima 2, HORIBA Jobin Yvon, Longjumeau, France).
Inorganic P (Pi) concentration was measured by spectrophotom-
eter (Tecan infinite M200pro, Grodig, Austria) using the mala-
chite green method (Ohno and Zibilske 1991) and determining
light absorption at 630 nm wavelength. Organic P (Po) was cal-
culated as the difference of total P and Pi. P concentration was
transferred to P stocks using the respective bulk density and soil
depth increment.

24 | 880,

Thirty grams of all soil samples were successively extracted
by 0.5M NaHCO,, 0.1M NaOH, and 1M HCI at a 1:10 soil-
solution ratio (Amelung et al. 2015). The alkaline solutions
were used to remove most of the organic P compounds and

polyphosphates and only the 1M HCI extract was kept for
further purification. Based on the procedure by Tamburini
et al. (2010), phosphate was first precipitated to ammonium
phosphomolybdate (APM) and magnesium ammonium phos-
phate (MAP), then washed by cation exchange resin (Dowex
50X8, 200-400 mesh, Sigma-Aldrich, Darmstadt, Germany)
and finally precipitated to silver phosphate (Ag,PO,). After
drying at 50°C, Ag,PO, crystals were stored in a desiccator.
The Ag,PO, samples were pyrolyzed in a carbon-based re-
actor (1450°C) with a trap chromatography system (PYRO
Cube, Elementar, Hanau, Germany) connected to an isotope
ratio mass spectrometer (Isoprime 100, Isoprime, Manchester,
UK) for the analysis of oxygen isotope ratios. All oxygen iso-
tope ratios were calibrated against the Vienna Standard Mean
Oceanic Water (VSMOW) and are reported in the conven-
tional delta notation (8'%0).

Theoretical equilibrium values of soil 8'%0, were calculated ac-
cording to Equation (1) by Chang and Blake (2015):
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14.43  26.54

80, = {5750 (6**0,, +1000) — 1000 @®

where T is the soil ambient temperature in K, and §'%0, and
8180, are the standardized '80:'%0 ratios of phosphate and
water in %o, respectively. There was no information about the
soil water and precipitation 8§80 values in Dikopshof. Hence,
we used the average of observed annual 880 values at the
nearest GNIP (Global Network Isotopes in Precipitation) sta-
tions in Koblenz (50.36° N, 7.59° E) and Emmerich (51.83°N,
6.24° E), with a 8'80_ value of —6.96%.. The mean, minimum
and maximum temperature were calculated for monthly data
from 1987 to 2016 as 10.9°C, 4.9°C and 17.4°C (Dikopshof
Meteorological Station), respectively. Thus, the mean, mini-
mum and maximum 8"¥0,, equilibrium values in Dikopshof
were calculated as 17.43%o, 16.27%0 and 18.54%o, respectively.
The site of Dahlem is close to Thyrow. For both sites, we used
mean, minimum and maximum 880, equilibrium values of
16.7%o0, 12.1%0 and 20.2%. as given by Bauke et al. (2018) for
Thyrow. The minimum and maximum §'%0, equilibrium val-
ues of the three sites (12.1%o and 20.2%.) were used to compute
the maximum range of expected equilibrium 80, values
given in Figure 2.

2.5 | Statistics

Statistical analysis was done using R (version 3.4.1). Data are
presented as the mean and standard error (SE) of field replicates
in Dahlem and Thyrow, but there is only one value for each
treatment at Dikopshof due to missing replication. Thus, we did
not conduct data analysis for P stocks and §'80, values among
treatments in Dikopshof. Due to missing randomization in the
long-term experiment in Dahlem, a multiple regression model
was used to analyze treatment effects across the experimental
replicate blocks (statistical model results provided in Tables S1,
S4, and S7) for soil P stocks and 51801, values. In Thyrow, where
experimental plots were arranged in a fully randomized block
design, two-way ANOVA for P fertilization and liming was used
to analyze soil P stocks and 8'80,, values and differences among
treatments were assessed with a least significant difference
(LSD) test (p<0.05). The results of the ANOVA model for the
effects of P fertilization, liming and interaction of P fertilization
and liming are given in Tables S2, S5, and S8. Linear regression
was also used to analyze the effects of soil clay content on soil
N, C, and P stocks among three long-term experimental fields
(Tables S3 and S6).

3 | Results
3.1 | Basic Soil Properties

In all three experiments, mineral P fertilization and lim-
ing hardly affected soil bulk density in different soil depths
(Table 2, statistical models given in Tables S1 and S2). Soil
pH had significantly increased with liming in the topsoil of
all experiments by 0.4-2.1units (p <0.01). This increase was
also observed in the deeper subsoil (50-100 cm). Nevertheless,
slightly acidic conditions prevailed in all experiments and
treatments.

Sail clay content in Dikopshof was greater than that in Dahlem
and Thyrow, and at all sites, clay content tended to increase with
increasing soil depth (Table 2). Soil N and C stocks increased
with increasing soil clay contents in the soil profile in Dikopshof
compared to Dahlem and Thyrow (Figure S2). In Thyrow, the
topsoil N and C stocks of the treatments with P fertilization and
liming were significantly greater than those in the treatment
without fertilization (p <0.05; Table 2), and a similar trend was
also observed at Dikopshof. However, in Dahlem, the topsoil
(0-30cm) N and C stocks were smaller after liming compared
to the other treatments (p <0.01). For the subsoil, P fertilization
and liming did not show significant effects on N and C stocks of
the three field experiments (Table 2, statistical models given in
Tables S1 and S2).

3.2 | Sequential P Fractionation

According to the averaged percentage across the three field ex-
periments for different P fractions, the proportions of resin- and
NaHCO,-P decreased with soil depth, while the proportions
of NaOH-, HCI- and residual-P increased in deeper soil layers
(Figure 1). Further, long-term P fertilization resulted in greater
proportions of resin- and NaHCO,-P in comparison with the
treatments without P fertilization, whereas liming increased
stable soil P proportions (HCI- and residual-P).

In the topsoil (0-30cm), long-term P fertilization increased Pi
stocks in all fractions of the NKPCa and NKP treatments rela-
tive to those of the NKCa and NK/None treatments, respectively.
This effect was significant at Dahlem (p<0.01) and Thyrow
(Table 3, statistical models given in Tables 4S and 5S). Compared
to Pi stocks, soil Po stocks were less sensitive to P fertilization.
In addition, resin-P stocks significantly decreased with lim-
ing in Dahlem (p<0.05, statistical model given in Table S4),
whereas the opposite effect was observed in Thyrow and as a
trend in Dikopshof. With lime application, both NaHCO,-Pi
and NaOH-Pi stocks were significantly smaller than those with-
out Ca input in Dahlem and Thyrow, and as a tendency also at
Dikopshof (Table 3). Moreover, liming significantly decreased
labile Pi (sum of resin-P and NaHCO,-Pi) stocks in Dahlem
(p<0.05), and the same trend was evident at Dikopshof and in
Thyrow. The decline of the easily extractable Pi forms upon lim-
ing went along with greater stocks of organic P pools. The effect
was significant in NaHCO,-Po stocks (p <0.05 in Dahlem) but
in tendency also evident for NaOH- and HCI-Po stocks (Tables 3
and S4). Although the interaction effect of P fertilization and
liming was only significant in HCI-Po stocks (p < 0.05) at the site
of Thyrow, HCI-Pi stocks in NKPCa treatment were the largest
among all treatments (Table 3).

Compared to the topsoil, the difference in P stocks among
treatments was smaller in the upper subsoil (30-50cm) for
all fractions (Table 3). Nevertheless, P fertilization had sig-
nificant effects on subsoil resin-P and NaHCO,-Pi stocks in
Dahlem (p <0.01) and Thyrow, as well as on NaOH-Pi stocks
in Dahlem (p <0.05). In contrast, liming resulted in smaller
stocks of the resin-, NaHCO,-, and NaOH-Pi pools at Dahlem
and Dikopshof, and NaOH-Pi pools in Thyrow (Table 3). The
decrease of labile Pi stocks by liming was significant only in
Dahlem (p<0.01) and as a trend at Dikopshof. Effects on P

European Journal of Soil Science, 2025

50f 14

BSUBD1T SUOLULLOD dAIRRID 3|dedljdde ay) Aq peusanob a1e sajoie YO 8sN JO S3|NJ 10} AkiqiT aulUO 43I UO (SUO R IPUOD-PUR-SWR}W0Y A3 | 1M Ae.q 1 pul|UD//:SANL) SUORIPUOD PUe SWB | 3U1 335 *[9202/T0/L2] U0 ARl aulju A8 JIUeD UyoIeasay HAWS Uyoline wnnuezsBunyasio4 Aq 8EZ0, SSB/TTTT OT/10p/wod 48| 1M ARIg 1 PUI|UO'S [euINO ssq/Sdny WOy papeojumod ‘9 ‘G20z ‘68E2SIET



13652389, 2025, 6, Downloaded from https://bsssjournals.onlinelibrary.wiley.com/doi/10.1111/jss.70238 by Forschungszentrum Jilich GmbH Research Center, Wiley Online Library on [27/01/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(senunuo)) m,
A
qe z9'0+6L'ET q90'0+¥C'1 B0OS'0+8¢'S qz0+09 BZO0OFLI9T BDIN 3
q99'0+6S'ST qQ8T0+6C'T B6S0+60°S qro+09 E00+891 BDdIIN 0¢€-0 (r =u) moxkyy, MJ
09 160 G8°C¢E 9 LL'T QUON w
069 €0'T 00°0¥% S9 191 d3IN m
€79 860 T€°€€ 0L ST BN M
€9°L 60°T CLSE 0L LY'T TDd2IN 001-0S
C¢SL 060 faali}s 09 9¢'1T QUON
LT'8 L6°0 LLYE 19 8t'1 d3IN
LL9 g80 SE'IE 69 iz BN
L 680 9€' e 89 24t TDd2IN 0S-0¢
€1'6¢ LL'T 88°0C 09 el QUON
69°¢E e e6l1 8¢ 'L d3IN
S0'ce y0'€ 9T'Te 69 LE'T BN
€8°9¢ 8¢°€ 8€°CC $9 6€°1 eDdMIN 0€-0 (T=u) JoysoxyIq
L9'8F00°ST SO0FTV'T 61'T+260C S0+8¢S YO0+ ¥L'T 2IN
0L 9F9LCT CEOFSTT SO'S+9891 90F¢'S LO'0OFC8'T dIIN
CO'ST+€0'8¢ 80°0F 61T 6S0F11°0C S0F89 90'0F€8'T BN
0€°€T+9T°C¢E YLI0F9T'T SYTFPI 9T S0FS9 LOOF6LT BDJIN 001-0S
7€'0+89°¢C €0'0+89°0 I8'0+ 6701 T'0+C¥ LO'0OF08'T JIN
CETFILY OT'0F1L0 OL'€+8¢'6 T'0FCYV ET0F1I8'T dIIN
CCTFL09 IT'0+SL0 LTTF 6791 SO0FT9 60°0+F9L'T EDIIN
6€°0+0LY 0T’'0+09°0 6L SF+9¢TL 0+¥'S 600+ 18T eDJN 0S-0¢
L9'0FLO'ST LO0OF6T'C ST'0+¢9°S T'0+9% 700+87'1T JIN
YTTFES€TC ST'0+00°C 9L 0FY0'L T0OFLY 0'0F6v'1 dIIN
LOTF9S61 LOOFILT YLOFST'S TOF€S C00FCS'T BN
9L 0+09'LT 90'0+6SS'T 8'0F6¢°L T'0O+T¢S C0'0+F8Y'1 eDdN 0€-0 (¢ =u) woryeq
(1-Y3) s}203s D (1-eY3) S}y203s N (%) 1a33u0d AB]D Hd (c—umd 8) Ayisuap yng sjuduIIedL], (wod) yadag =
‘AuewrIon ‘MmoI1Ay ], pue joysdoyIq ‘W[ Ul STeLI) I9ZI[1)19] ur1d)-3uoy ay) jo senredoxd (10§ | ¢ ATAV.L c,w.



‘_"\
'@—Dﬁmmm«:
< o>~ \O
SIS T8 8 % 3
S © o oS
218 a8 4 4
o lX ¥ o = o <
<) s S B S
218 @ A @4 A oo
Q
~~
T
® | © ® ® © <« «©
©® ~ M ¢ 0
gq'—!QQC’.Q
w|lc S S o oS o
ZlH H H 1 H F
Ol - A © O o
S| K a4 =4 a -
2| © o © o o
Z
S
:cvsccsmcccvscvs
gl © o v T o
0| OB o 2 a o
-o O +HA O O @9~
S|H H H +H H O+
S|l ® ~ T n ©
S ¥ 4 o =+ =
g‘m\omm\ol\
p—
Q
8 ® © O < o
- 24 4 4 9 <
| S © o S S o
el H +H 4+ +H H H
o = a4 ¥ <2 <
A F o o I
~~
o
F
Ol @ © © © «© «
Ml a0 = + < ©
=12 2 2 <2 <2 <
DS o o o S o
w | H O H O H O H O H OH
g|o o v n < un
(O © ® xR 00 K
T~ A — A A ~
=
=
=]
wn
=
cvs
2| A O 8 A
g4 ¥ & oM
2z 24 ¥ Z =
o Z
=
e
P %
= &
(=W on
7]
A
~
)
Q
=1
£
g
=
]
@)
N—
o
m
-l
2
=

0.81+0.14a 6.65+0.68 b

11.34+1.44a

6.1+0.3b

1.75+£0.05a

NKPCa

50-100

0.57£0.08 a 5.08+0.61 ab

14.34+2.09 ab

1.85+0.07 a 6.0+0.2b

NKCa

1.84+0.08 a 45+0.1a 13.80+0.97 ab 0.61+0.11a 4.45+0.78 ab

NKP

0.71+0.14 a 395+£090a

48+0.2a 16.24+1.33 b

1.77+£0.05a

NK

Note: Data for Dahlem and Thyrow are represented as mean + standard error. Values with different letters within a column show significant differences among treatments in the respective experiment. Multiple regression model was
used for data analysis due to missing randomization in Dahlem. Two-way ANOVA was used for data analysis in Thyrow and differences among treatments were assessed with least significant difference (LSD) test (p <0.05).

stocks in the deeper subsoil (50-100cm) were not significant
except for significant increases of NaHCO;- and HCI-Pi, and
HCI-Po stocks by liming in Thyrow (Table 3). Differences in
texture with depth or among the three sites had only minor
effects on observed differences in P stocks; only HCI-P and re-
sidual-P stocks increased with soil clay contents over the soil
profile (Figure S2 and Table S6).

3.3 | 8“0,

Throughout the soil profiles, 8'%0,, values showed a decreasing
trend with soil depth when averaged across all three experiments
(Figure 2). The §'%0,, values in the topsoil were in the range of
the expected equilibrium values, while full fertilization (i.e., the
NKPCa treatment) resulted in the greatest §'®0,, values among all
treatments also at deeper depth within the soil profiles. Similar
depth profiles were also observed for §'%0, values for the NPK
and None/NK treatments, whereas the profile for the NKCa treat-
ment was shifted to smaller §'80, values, which were below the
equilibrium range at > 50cm soil depth (Figure 2). When looking
at the individual long-term experimental fields (Figure 3S), this
effect was largely driven by the site Dahlem (statistical model in
Table S7); nevertheless, the smallest 8'%0, values in the subsoil
also occurred in the NKCa treatment at the sites Dikopshof and
Thyrow.

4 | Discussion

Long-term liming at all our sites increased soil pH as de-
sired (Sumner and Yamadu 2002; Huang et al. 2021; Tiecher
et al. 2023), but effects on C and N stocks varied among the three
sites (Table 2). On the one hand, Ca and P input increased topsoil
C and N stocks at the sites Dikopshof and Thyrow, which can
be explained by better conditions for crop growth and presum-
ably more root residue return to the soil, enhancing soil organic
matter storage. On the other hand, previous studies also observed
that elevated pH values increased microbial mineralization of soil
organic matter (Nachimuthu et al. 2009; Achat et al. 2010; Wang,
Yao, et al. 2021), which may account for smaller C and N stocks as
observed here at the site in Dahlem. Further, as discussed in pre-
vious publications for the same sites (Gocke et al. 2023; Skadell
et al. 2023), the data suggest that P and Ca fertilization can in-
crease or decrease organic matter storage in soils depending on
the quantity of inputs relative to the stimulation of mineralization
processes. It should be considered here that the experimental de-
sign of the long-term field experiments in Dahlem and Dikopshof
was deficient in randomization and/or replication. Hence, effects
that explain variations in P cycling among the individual sites
should be interpreted with caution. The general trends, however,
were consistent within the three long-term experiments, which
also suggests that analyzing comparable treatments across differ-
ent long-term agricultural research trials may circumvent limita-
tions from lacking randomization within one single experiment.

4.1 | Effects of Long-Term P Fertilization

Long-term P fertilization increased soil P stocks at all long-term
experiment sites. P supply from fertilizer is often in excess of
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FIGURE1 | Percentages of P stocks in fractions determined by sequential extraction. Bars and whiskers indicate the mean and standard error

across the three long-term trials in Dahlem, Dikopshof and Thyrow, Germany. Pi refers to inorganic P forms, Po refers to organic P forms; resin and

residual P fractions were only determined as total P without separation of inorganic and organic P forms. This figure summarizes the differences

in P pools across the three field experiments as displayed in Table 3, which indicates significant differences in P stocks to the p <0.05 level for the

individual experiments.

the amount of P required by crops (Zhang et al. 2004; Buczko
et al. 2017), which results in reduced fertilizer P use efficiency
(McBeath et al. 2012; Tiecher et al. 2023). Indeed, besides la-
bile P (resin- and NaHCO,-P) stocks, the stocks of stable soil
P (HCI- and residual-P) pools also increased with P fertiliza-
tion, indicating that continuous P fertilization went along with
a transformation from labile to stable P forms, for example,
via precipitation and sorption processes (Zhang et al. 2004;
Gichangi et al. 2009). Similar findings have been reported from
other long-term P fertilization field experiments (Campbell
et al. 1986; Shen et al. 2004; Bauke et al. 2018) as well as in incu-
bation experiments (Malik et al. 2012).

Noteworthy, not only P stocks in the topsoil but also those in
the upper subsoil were consistently larger than P stocks in the
controls without P fertilizer, especially in labile P fractions.
Phosphorus can reach deeper soil horizons via leaching of dis-
solved inorganic P, organic matter or soil colloids along soil pores
(Kangetal.2011). Eghball et al. (2004) observed that the leaching
of plant available P in a silty clay loam soil can reach a depth of
60cm within 4 years and leaching rates of up to 10kg Pha~! have
been reported for fertilized arable topsoils (Djodjic et al. 2004;
Fortune et al. 2005; Riddle et al. 2018). However, we suggest
that leaching alone can hardly account for differences of about
100kgPha~! in the subsoil of plots with or without fertilization,
for example, at the site in Thyrow (Table 3), which receives very
limited amounts of precipitation to initiate leaching.

The total amount of P stored in top- and subsoils of the three
field experiments was not only related to the amount of fertil-
izer application, but also to soil clay content and the amount of

P fertilizer applied at each site. Average amounts of P fertilizer
application in Dahlem, Dikopshof and Thyrow ranged from 24
to 34kgha~lyear~! (Table 1). After long-term P fertilization, the
sum of total P stocks from sequential extractions in Thyrow
was smaller than those in Dikopshof (Table 3), due to the lesser
amount of P fertilizer applied in Thyrow (24kgha~lyear™)
than at Dikopshof (31 kgha=!year™!), and due to smaller inher-
ent P stocks at Thyrow with lesser clay content (Figure S2). In
line with these findings, total P stocks in the sandy topsoil at
Dahlem were close to those of the sandy topsoils in Thyrow,
whereas slightly greater clay content in the subsoil also resulted
in larger subsoil total P stocks at Dahlem compared to Thyrow
(Tables 2 and 3; Figure S2). The positive relationships of P stocks
and clay content were especially evident in larger stable P stocks
(i.e., HCI-P and residual-P), whereas labile P pools such as res-
in-P, NaHCO;-P, and NaOH-P stocks responded more variably
(Figure S2) to different amounts of P fertilizer input and crop P
uptake (Maranguit et al. 2017).

Phosphorus may also be redistributed within the soil profile by
plant roots growing into the subsoil (Bauke, Land], et al. 2017),
which could then be recovered as root-derived Po in the deeper
soil layers (Campbell et al. 1993). Nevertheless, the rates of such
processes for P redistribution within the soil are still unclear,
and should primarily result in an accumulation of organic P, yet
we did not find elevated stocks of Po in the subsoil after long-
term P fertilization (Table 3). Root-derived or microbial P can
be converted to Pi by biochemical mineralization and hydrolysis
(Laboski and John 2003) and prolonged duration of arable crop-
ping was shown to promote a shift from organic to inorganic
soil P forms (von Sperber et al. 2017). In line with these studies,
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FIGURE2 | 880, values of HCl-extractable P across three long-term
fertilizer trials in Dahlem, Dikopshof and Thyrow, Germany. Symbols
and whiskers indicate the mean and standard error per soil depth for
each treatment combined across all three experiments. The dashed ver-
tical lines represent the minimum and maximum expected equilibrium
values across all three experiments.

in our field experiments effects of long-term P fertilization were
mainly observed in inorganic P fractions.

Soil 880, values may inform on biological P turnover during
long-term P fertilization. When fertilizer P accumulates in soils
without biological utilization, 8'80,, values are retained. The
8180, value in mineral P fertilizers is expected to be around 20%.
(Amelunget al. 2015; Sun et al. 2020). However, the soil §'*0,, val-
ues in the topsoil of the P fertilizer treatments were smaller than
the value reported for fertilizer and ranged between the min-
imum and maximum expected equilibrium values (Figure 2).
The finding suggests that most of the mineral P included in the
HCI fraction had been biologically cycled and was subsequently
precipitated, for example, as secondary Ca-P minerals (Amelung
et al. 2015; Joshi et al. 2016; Bauke et al. 2018). Hence, topsoil P
cycling was evident in all treatments. The continuous precipita-
tion of secondary minerals with biologically cycled P even led
to greater 5'80, values in the upper subsoil at all sites in fer-
tilized treatments relative to treatments without P fertilization
(Figure 2). As we did not observe significant differences in total
HCI-P stocks in the subsoil, we assume that these changes in
subsoil 8'0,, values were not related to direct accumulation of
fertilizer P in stable P fractions. Instead, we suggest that long-
term P fertilization stimulated biological P cycling—not only in
the topsoil, but also in the subsoil of all three trials.

4.2 | Effects of Long-Term Combined Liming
and P Fertilization

Liming decreased topsoil labile Pi stocks in the three field ex-
periments (Table 3). This is due to, on the one hand, increased
soil pH and less soil acidity after liming, which stimulated plant
growth and increased plant P uptake (Holford and Crocker 1994;
Curtin and Syers 2001; Qaswar et al. 2020; Tiecher et al. 2023).
On the other hand, with increasing soil pH, adsorbed Pi could be
released into the soil solution as adsorption surfaces of soil parti-
cles become more negatively charged (Barrow 1984; Curtin and
Syers 2001) or as Ca** jons partially displace Fe and Al ions from

the adsorption sites (Hao et al. 2002). In addition, increased
inputs of Ca?* by fertilization will react with the released Pi
and continuously precipitate it as Ca-P minerals (Curtin and
Syers 2001). These processes are consistent with our observation
that NaHCO,-Pi and NaOH-Pi stocks were smaller and HCI-Pi
stocks were larger in treatments with liming than in those with-
out lime application in both topsoil and subsoil (Table 3). The
combined application of lime and P fertilization further rein-
forced these processes, resulting in larger HCI-Pi stocks both in
the topsoil and in the upper subsoil than in the treatments that
did not receive lime and P fertilization (NK/none treatment).

Liming is also expected to stimulate plant growth (Qaswar
et al. 2020; Tiecher et al. 2023) and microbial activity in soils
(Wang, Yao, et al. 2021), which may result in increased concen-
trations of Po due to immobilization in plant and microbial bio-
mass. Previous studies reported an accumulation of soil Po by
lime application in grassland (Quin et al. 1984) and agricultural
fields (Murphy and Stevens 2010). In our study, we observed
significantly greater Po contents only in alkaline extractable Po
pools at Dahlem, and, as a trend, at Dikopshof (Table 3; Figure 1).
Although the NaHCO,- and NaOH-Po stocks in Thyrow were
hardly affected by liming, Po stocks in the HCI pool were larger
in treatments with than in treatments without liming. These re-
sults indicate that at all three sites, liming enhanced Po accumu-
lation in the soil profile, likely resulting from increased biomass
production after lime application. It should also be noted that Po
stocks in the deeper subsoil in Dahlem were largest in the NKCa
treatment, which points to intensive Po assimilation from root
growth as well as to potential for subsequent re-mineralization
of Po to Pi by microorganisms (Oehl et al. 2004).

In contrast to P immobilization in organic matter, enhanced
microbial growth may also increase mineralization of organic
matter with subsequent release of phosphate into the soil solu-
tion. When Pi from biological cycling re-precipitates in Ca
minerals, soil 80, values should approach the theoretical
equilibrium value. However, 8'0,, values in NKCa treatments
were smaller than those in the NK treatments or in the un-
fertilized controls (Figure 2). Pfahler et al. (2020) also found
that §'80,, values in HCl extracts were up to 3.7%. smaller when
lime was applied at Rothamsted Research Station, which the
authors attributed to impurities in the lime. As an alternative
explanation, 8'80, values within the range of the expected
equilibrium mainly result from the activity of the intracellu-
lar pyrophosphatase, while the initial enzymatic reaction re-
leasing Po moieties from organic matter by phosphomono- and
-diesterases is associated with strong negative isotopic frac-
tionation (von Sperber et al. 2023). Thus, in principle §'%0,
values that are smaller than the equilibrium value could also
result from direct precipitation of P after enzymatic mineral-
ization from organic matter, without further P turnover in mi-
crobial cells. This explanation can, however, not account for
observations at our sites where the deviation of 3’80, values
from the expected equilibrium was observed especially in the
subsoil of the NKCa treatments (Figure 2).

The small subsoil §'%0,, values were mainly related to §'%0, val-
ues of the site in Dahlem (Figure 4S). The soil at this site has
developed from substrate deposited during the Weichselian Late
Glacial period and is reported to show strong heterogeneity of
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chemical and physical properties in the subsoil (Chmielewski
and Koehn 1999; Wu et al. 2020). For this type of soil parent
material, phosphate in primary minerals shows 8'0,, values of
around 10%o. (Tamburini et al. 2014; Sun et al. 2020). In com-
bination with increased HCI-Pi contents, the observed §'%0,
values in the subsoil of the NKCa treatment in Dahlem point
to a large contribution of P derived from primary minerals, un-
affected by biological cycling. Nevertheless, additional P fer-
tilization shifted (NPKCa treatment) 8'30, values closer to the
expected equilibrium values in the soil profile, indicating that
improved nutrient supply, and presumably deeper crop root
growth, enhanced P cycling and eventually led to §'80, values
close to equilibrium (Bauke et al. 2018).

The 8'%0, depth profiles of treatments receiving combined
Ca and P fertilization were similar for Thyrow and Dahlem,
while subsoil 8'0,, values in Dikopshof were slightly smaller
(Figure S3). The soil at Dikopshof is characterized by greater
clay contents in the subsoil compared to the soil in Thyrow and
Dahlem. Based on observations in other loess-derived soil pro-
files (Barej et al. 2014; Bauke, von Sperber, et al. 2017) we sug-
gest that P cycling at Dikopshof mainly occurred in soil pores,
with a larger contribution of P derived from parent material in
the bulk soil contributing to the overall smaller §'%0, values.
Thus, while full Ca and P fertilization generally enhanced P
cycling in the subsoil compared to nonfertilized treatments,
the extent of biological P cycling at different soil depths varied
with soil texture.

5 | Conclusions

We analyzed soil P stocks in sequentially extracted P frac-
tions as well as the oxygen isotopic composition of 1M
HCl-extractable phosphate (8'0,) in three German arable
long-term field experiments. Our data show that the combined
application of lime and P fertilizer shifted the distribution of P
among sequential fractions, but also increased total P contents
and biological P cycling relative to the treatments where lim-
ing, P fertilizer, or both were missing. These effects were not
limited to the topsoil, but extended into the subsoil, although
not to the same extent across the different textures at the sites.
Our study thus highlights that an integrated management of
soil nutrient status and soil pH is critical in creating improved
conditions for crop growth and nutrient turnover throughout
the soil profile in loamy to sandy arable soils under temperate
climatic conditions.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Table S1: Results of multiple regression analysis
given as estimate of intercept and slope, respectively, standard error of the
estimate and p value for density, pH, N stocks, and C stocks at different
soil depth in fertilizer treatments of the long-term agricultural research
experiment in Dahlem, Germany (mineral calcium fertilizer [Ca], min-
eral phosphorus fertilizer [P], and for the interaction of Ca and P fertil-
izer). Table S2: Results of two-way ANOVA analysis given as df (degree
of freedom), fvalue, and p value for density, pH, N stocks, and C stocks at
different soil depth in fertilizer treatments of the long-term agricultural
research experiment in Thyrow, Germany (mineral calcium fertilizer
[Ca], mineral phosphorus fertilizer [P], and for the interaction of Ca and
P fertilizer). Table S3: Results of linear regression analysis given as esti-
mate of intercept and slope, respectively, standard error of the estimate,
p value, and R? value for soil clay content and soil N and C stocks among
three long-term agricultural research experiments. Table S4: Results
of multiple regression analysis given as estimate of intercept and slope,
respectively, standard error of the estimate and p value for the relation-
ship of soil P stocks from sequential fractionation at different soil depth
in fertilizer treatments of the long-term agricultural research experiment
in Dahlem, Germany (mineral calcium fertilizer [Ca], mineral phospho-
rus fertilizer [P], and for the interaction of Ca and P fertilizer). Table S5:
Results of two-way ANOVA analysis given as df (degree of freedom), f
value, and p value for the relationship of soil P stocks from sequential frac-
tionation at different soil depth in fertilizer treatments of the long-term
agricultural research experiment in Thyrow, Germany (mineral calcium
fertilizer [Ca], mineral phosphorus fertilizer [P], and for the interaction of
Ca and P fertilizer). Table S6: Results of linear regression analysis given
as estimate of intercept and slope, respectively, standard error of the esti-
mate, p-value, and R? for soil clay content and soil P stocks from sequential
fractionation among three long-term agricultural research experiments.
Table S7: Results of multiple regression analysis given as estimate of inter-
cept and slope, respectively, standard error of the estimate and p-value for
3180, values of HCl-extractable P in fertilizer treatments of the long-term
agricultural research experiment in Dahlem, Germany (mineral calcium
fertilizer [Ca], mineral phosphorus fertilizer [P], and for the interaction of
Ca and P fertilizer). Table S8: Results of two-way ANOVA analysis given
as df (degree of freedom), f value, and p value for §'%0,, values of HCI-
extractable P in fertilizer treatments of the long-term agricultural research
experiment in Thyrow, Germany (mineral calcium fertilizer [Ca], mineral
phosphorus fertilizer [P], and for the interaction of Ca and P fertilizer).
Figure S1: Relations of soil clay content and soil C and N stocks among
three long-term trials in different soil layers at Dahlem, Dikopshof, and
Thyrow. Figure S2: Relations of soil clay content and soil P stocks from
sequential P fractions (as total P (Pt) per fraction) among three long-term
trials in different soil layers at Dahlem, Dikopshof, and Thyrow. Figure
$3: 880, values of HCl-extractable P in the three long-term fertilizer trials
Dahlem, Dikopshof, and Thyrow, Germany. The solid line indicates the
mean expected equilibrium value, and the dashed vertical lines represent
the minimum and maximum expected equilibrium value.
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