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A B S T R A C T

The distribution of fertilizer phosphorus (P) in the soil profile affects its plant availability and the risk of P loss.
We examined the P distribution and sorption in soil profiles of a field experiment initiated in 1942 on coarse
sandy soil with four rates of lime (0, 4, 8 or 12 t ha−1 every 5–9 years) and two rates of P (no P or 15.6 kg P ha−1

annually). In 2016, intact soil cores were retrieved to 100 cm depth and divided into five depth intervals (0–20,
20–30, 30–50, 50–70 and 70–100 cm). Soil samples were analyzed for total P, P extracted with sodium bi-
carbonate (Olsen P) and water (Pw), oxalate-extractable P (Pox), iron (Feox) and aluminum (Alox), pH, carbon (C),
and single point sorption index (PSI). Liming raised soil pH significantly at all depths. Addition of P increased
total P, Olsen P, Pw and Pox in the upper 30 cm only. In the topsoil the extractability of P in bicarbonate (Olsen P
to total P ratio) and water (Pw to total P ratio) declined with liming. Below 30 cm, soil P pools were unaffected
by lime and P application. PSI increased with depth until 50–70 cm and related strongly to content of Alox, but
not to Feox, Olsen P, soil C and pH. We conclude that Alox plays a dominating role for retention of P in this sandy
soil profile, formed by melt-water during the Weichsel glaciation period. The retention of P in soil below 30 cm
depth was strong and unaffected by addition of lime.

1. Introduction

In NW Europe, land supporting intensive arable production has
accumulated P for decades due to generous inputs of P in mineral fer-
tilizers and animal manure (Kronvang et al., 2009). This P legacy re-
presents a substantial potential source for plant uptake. However, the
capacity of the topsoil to retain P will decline with increasing P accu-
mulation as the degree of P saturation (DPS) increases. This may fa-
cilitate P movement by leaching (Rubæk et al., 2013) and in flat agri-
cultural landscapes, leaching can be an important input of P to surface
waters (Leinweber et al., 1997; Schoumans et al., 2013). However,
subsoil layers may retain a large fraction of the P migrating downwards
from surface soils if these layers exhibit sufficient P sorption capacity
(PSC). In temperate humid regions, PSC is considered to be dominated
by surfaces of silicate clays and in particular amorphous iron (Fe) and
aluminum (Al) oxides (Börling et al., 2001). Consequently, soils poor in
clay minerals and enriched in P may exceed the critical level of DPS,
making them vulnerable to P leaching (Leinweber et al., 1997).

The western part of Denmark hosts flat landscapes with acidified
coarse sand soils developed on glacial outwash and showing single-
grain soil structure. The subsoils are typically rich in amorphous Fe and
Al oxides due to historic podzolization (Lundström et al., 2000). For
these soils, leaching of P is mainly by matrix flow (Leinweber et al.,
1997; McDowell et al., 2001), and regulated by PSC, DPS and the
strength of P sorption onto soil constituents (Schoumans et al., 1987;
Börling et al., 2004; Wang et al., 2016). The P loss by preferential flow
in macropores remains of minor importance (Andersson et al., 2013).

When used for agriculture, lime (CaCO3) is applied to ameliorate
soil acidity and for this specific soil type, farmers in Denmark are re-
commended to maintain soil pH (measured in 0.01 M calcium chloride)
between 5.5 and 6.0 (Knudsen, 2008). In principle, increased soil pH
reduce sorption of P onto the variable charge surfaces of amorphous Fe
and Al oxides due to changes in surface charge and increased electro-
static repulsion between the surfaces and the phosphate anion. This
leads to increased P availability to plants and P susceptibility to
leaching. However, the effect of increased pH is of minor importance
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for the specific sorption of phosphate, and the balance between P in
solution and P sorbed onto soil surfaces changes little within the pH
range of 4 to 7 (Barrow, 2017). Addition of lime also increases the
concentration of calcium (Ca) and Ca2+ ions may form outer-sphere
complexes with negatively charged surfaces, which in turn affects the
sorption of P by bridging between a negative surface and the phosphate
anion (Barrow, 1984, 2017; Haynes, 1982). Furthermore, the combined
effect of elevated soil pH and concentrations of Ca2+ can lead to for-
mation of calcium phosphates which may reduce the concentration of P
in soil solution (Barrow, 2017). This may occur also in acid soils re-
ceiving large doses of lime and P.

The majority of studies demonstrating effects of liming on P sorp-
tion rely on short to medium term incubation studies. Field based data
including the entire soil profile is sparse due to lack of long-term field
experiments testing contrasting liming strategies on crop performance
and soil properties (Holland et al., 2018, 2019). This is a drawback,
since effects of liming propagate to deeper soil layers when repeated for
decades. We identified only one long-term field experiment involving
studies on effects of liming on P availability or P sorption in the entire
soil profile (Simonsson et al., 2018).

Maintenance of optimal soil pH on acid soils by liming will increase
root-derived C inputs due to higher crop productivity (Paradelo et al.,
2015) and also affect the microbial mineralization of soil organic P
(Haynes, 1982). Changes in soil organic matter content may in turn
alter P sorption capacity in soil as organic matter can provide P sorption
sites or mask such sites on mineral surfaces. As for the effects of liming
on P sorption, the long-term quantitative effects of liming on C de-
position in the entire soil profile is still unclear and only sparsely
documented (Simonsson et al., 2018). This is obviously also the case for
any derived effects of soil C on P sorption in differently limed soil
profiles.

This study examines the effect of increasing rates of lime applied
repeatedly for decades to soil receiving no P or an annual input of P
fertilizer on the distribution of P in the soil profile. We retrieved soil
from a long-term field experiment initiated in 1942 on a coarse sandy
soil subject to arable management. We hypothesized that 1) The lime-
induced changes in soil pH, concentrations of Ca and input of crop
residues modify PSC and the distribution of P in the soil profile, and 2)
that PSC relates to amorphous Fe and Al oxides, soil pH, and contents of
P and C.

2. Materials and methods

2.1. Experimental site and treatments

The long-term agricultural field experiment on liming and P ferti-
lization was initiated in 1942 at Jyndevad Experimental Station,
Denmark (54° 54′ N, 09° 07′ E; 16 m above sea level) with a mean
annual precipitation and temperature of 870 mm and 7.9 °C, respec-
tively. The landscape is flat with soil developed from melt water sand
deposited during the Weichsel glacial stage. It is a naturally well-
drained coarse sandy soil with<5% clay in the topsoil (Table S1) and
classifies as Orthic Haplohumod, siliceous, mesic (Nielsen and Møberg,
1985) according to U.S. Soil Taxonomy (Soil Survey Staff, 1975) and
Haplic Podzol in World reference base for soil resources (IUSS Working
group WRB, 2015). Poorly crystalline hydrous Fe and Al oxides dom-
inate the clay fraction (Møberg and Nielsen, 1986).

Treatments include four rates of lime (ground chalk, CaCO3) and
four rates of P fertilizer (superphosphate). The lime treatments are no
lime (L0), 4 t ha−1 (L4), 8 t ha−1 (L8) and 12 t ha−1 (L12). Lime
additions, initiated in 1942, occur at 5–9 years intervals with the most
recent addition in 2013. Each limed plot consists of four sub-plots
(90 m2; 11.25 m× 8 m) with different P fertilizer treatments. These are
no P addition (P0) and 15.6 kg P ha−1 annually (P15) and are added to
soil that in 1944 received either no fertilizer P or 156 kg P ha−1. The
treatments are replicated three times. With an average dry bulk density

of 1.37 g cm−3 for the upper 20 cm depth (Table 1), the amounts of Ca
added to the L4, L8 and L12 treatments represent 26, 52 and 78 mmolc
kg−1 soil. The targets for lime addition in L4, L8 and L12 are pH
(0.01 M CaCl2) 5.4, 6.2, and 6.7, respectively. The field is ploughed to
20–22 cm depth every spring prior to seed bed preparation and sowing
of spring barley (Hordeum vulgare var. disticum). From 1944 to 1951, a
crop rotation of Swedish turnip (Brassica napus var. brassica ), oat
(Avena sativa), lupine (Lupinus augustifolius) and rye (Secale cereale) was
used (Dorph-Petersen, 1953). Since then, spring barley has been grown
every year (with only a few exceptions) with recommended levels of
fertilizer nitrogen (N), potassium (K) and magnesium (Mg) and with
straw removal at harvest. Rubæk (2008) and Rubæk et al. (1998)
provide further details on the long-term experiment.

2.2. Soil sampling

For this study, we sampled soil from plots receiving the four rates of
lime combined with the two annual rates of fertilizer P (P0 and P15)
using plots given a single dose of 156 kg P ha−1 in 1944 (eight treat-
ments, 24 plots). From one square meter randomly selected within the
harvest area of each plot, we retrieved three intact soil cores (9 cm in
diameter) on 22 August 2016 to a depth of 100 cm using a hydraulically
powered soil corer. The 72 intact cores were contained in PVC tubes,
sealed with lids at top and bottom, and stored at 5 °C for up to seven
weeks. Each soil core was then divided into five depth intervals (0–20,
20–30, 30–50, 50–70 and 70–100 cm) providing 360 soil samples for
analyses. Each soil sample was weighed and a subsample retrieved for
air-drying and sieving to < 2 mm. Bulk density was calculated by
dividing the weight of dry soil in a depth interval with the corre-
sponding soil volume. For the deepest layer (70–100 cm), losses of soil
during sampling prevented calculation of bulk density.

2.3. Soil chemical analyses

Soil pH was determined with a glass-electrode in a 1:2.5 w/v sus-
pension of air-dry soil and 0.01 M CaCl2 after a 1-hour equilibration
period. Soil total C content was determined on 1 g soil by dry com-
bustion at 950 °C using a Vario Max Cube (Elementar Analysensysteme
GmbH, Hanau, Germany). Soil total C represents soil organic C since
carbonates were not detected in any sample. Total P was determined
after digestion of 0.1 g ball-milled soil in a mixture of 1 ml 12 M H2SO4
and 2 ml 65% HClO4 for 1 h at 250 °C using a Tecator digestion unit
(FOSS, Hillerød, Denmark) (Kafkafi, 1972). Water-extractable P (Pw)
was determined according to Sissingh (1971) on 1 g of soil pre-wetted
with 1 ml of demineralized water for 18 h. Then 49 ml of demineralized
water was added and the mixture shaken for 1 h on a reciprocating
shaker at 20 °C. The soil solution was centrifuged at 5100g for 10 min
prior to determination of P concentration in the supernatant. The de-
tection limit for Pw was 1.1 mg P kg−1 soil. Olsen P was measured on 1
g air-dried soil with 20 ml of 0.5M NaHCO3 (pH 8.5), shaken for 30 min
at 20 °C on a reciprocating shaker and centrifuged at 1830g for 5 min
(Banderis et al., 1976). The detection limit for Olsen P was 4 mg P kg−1

Table 1
Soil Bulk density at the depth intervals 0–20, 20–30, 30–50
and 50–70 cm. Different letters indicate statistically sig-
nificant difference between the values at the 5% level.
Confidence intervals with 95% coverage are given in par-
entheses. The treatments with lime and P fertilization did
not affect bulk density significantly.

Depth, cm Bulk density, g cm−3

0–20 1.37a (1.35–1.4)
20–30 1.51b (1.49–1.53)
30–50 1.48b (1.45–1.5)
50–70 1.6c (1.58–1.62)
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soil. Oxalate-extractable Fe, Al and P (Feox, Alox and Pox, respectively)
were determined by extracting 2.5 g air-dried soil with 50 ml of acid
ammonium oxalate solution at pH 3. The mixture was shaken on a re-
ciprocating shaker for 2 h in the dark at 20 °C (Schoumans et al., 1987).
The concentration of P, Al and Fe were measured by ICP-OES (In-
ductively Coupled Plasma-Optical Emission Spectrometry) (Boss and
Fredeen, 1997).

Except for Pox, the P in all extracts was measured colorimetrically
using the molybdate blue method for water samples (ISO, 2004) after
appropriate dilutions and adjustments of pH.

2.4. Phosphorus sorption index (PSI)

The P sorption capacity of the soil was estimated from a single point
P sorption index (PSI). The index was determined by equilibrating 2 g
of air-dried soil with 20 ml of 0.01M CaCl2 containing 50 mmol P kg−1

soil as KH2PO4. The suspension was contained in a plastic centrifuge
tube and shaken for 20 h at 21 °C before centrifugation at 1800g for
10 min (Börling et al., 2001). The P in the supernatant was measured by
the molybdate blue method as described above. The PSI was estimated
as the amount of P retained by the soil on a molar basis with the amount
of P sorbed being the difference between P added initially and P re-
maining in the soil solution after shaking for 20 h.

2.5. Statistical analysis

All statistical analyses were conducted in R version 3.4.0 (R Core
Team, 2019). For bulk density the effects of fertilizer P and lime
treatments and their interaction at increasing depth were evaluated
with a Gaussian mixed model with unconstrained serial correlation
structure (adjusted using the function lme of the R-package nlme with
the correlation constructor corSym) accounting for correlation of ob-
servations from the same soil core but different depths. The model
contained two random components representing blocks and plots. For
all the other soil variables, each depth interval was evaluated separately
using generalized linear mixed models defined with the identity link
functions and with P fertilization, liming and their interaction as fixed
effects. The models also included two Gaussian random components
representing blocks and plots, respectively. The normal distribution was
used for pH and soil C, and the Gamma distribution (Jørgensen and
Labouriau, 2012) was used for PSI, total P, Olsen P, Pw, Pox, Feox, and
Alox. Post-hoc analyses were performed using the R-package postHoc
(Labouriau, 2020) with single-step correction for multiple testing.
Treatment effects on P extractability in bicarbonate and water at
0–20 cm depth were studied by comparing the ratios of Olsen P to total
P and Pw to total P using a classic permutation test (10,000 random
permutations) and the confidence intervals were obtained by non-
parametric bootstrap based on 10,000 samples (Good, 2005). Sig-
nificance was declared at the 5% level.

To avoid spurious indirect associations, which may occur when
using standard correlation analyses, we examined the interdependence
between PSI and Alox, Feox, Pox, Olsen P, soil C and pH using a multi-
variate graphical model, where a graph represents the multivariate
structure of the variables and vertices represent each variable. If, and
only if, the conditional correlation between two variables, given all
other variables, is significantly different from zero, a line connects the
vertices for these two variables. In other words, if vertices for two
variables are directly connected they carry information from each other
that is not contained in any of the other variables (see also Lamandé
et al. (2011) and references herein). The graphical model was inferred
by finding the model that minimized the BIC (Bayesian information
criterion, i.e., a penalized version of the likelihood function) as im-
plemented in the R package gRapHD (Abreu et al., 2010).

The dependence of PSI on soil variables detected using the graphical
model (depth, Alox and Pox) was explored further with quadratic re-
gression models fitted using least squares estimation for each soil depth

with PSI as the response variable and Alox and Pox as the explanatory
variables. Each of the 72 measured PSIs; (PSIdr) can be written as:

PSIdr = αd + βd Alox_dr + γd (Alox_dr)2 + ψd Pox_dr + φd (Pox_dr)2 + edr,
(1)

where d refers to depth and r refers to each individual measurement at
this depth, Alox_dr and Pox_dr are the measured Alox and Pox at the depth
d and repetition r. The model parameters edr αd, βd, γd, ψd and φd were
estimated by minimizing the sum of the squares of the residuals edr. The
statistical inference for the model parameters αd, βd, γd, ψd and φd was
done by non-parametric bootstrap, using 9999 bootstrap repetitions for
each inferential procedure.

3. Results

3.1. Bulk density, pH, and soil C

Bulk density varied between 1.3 and 1.4 g cm−3 in the top 20 cm
and increased significantly to 1.5 and 1.6 g cm−3 at 20–30 cm depth
and > 1.6 g cm−3 at 50–70 cm depth (Table 1). Lime and P fertili-
zation treatments did not affect bulk density.

Soil pH increased significantly with liming rate at 0–20, 20–30 and
30–50 cm depths (Fig. 1 and Table 2). For the deepest soil layer, pH was
significantly higher in the L8 (4.9) and L12 (5.3) treatments than in L0
(4.5). At 0–20 cm, pH was 3.6, 5.3, 6.7 and 7.2 in the L0, L4, L8 and L12
treatments, respectively. Although significant effects on soil pH of P
application and significant interactions between liming and P fertili-
zation were observed in deeper layers (Table 2), effects were modest
(Fig. 1).

At 30–50 cm depth, L4 had significantly less soil C than the treat-
ments L8 and L12 (Table 2 and Fig. 1), whereas at other depths liming
did not affect soil C concentrations significantly. P fertilization did not
influence soil C significantly at any depth.

3.2. Total P, Olsen P and Pw

At 0–20 cm, the interaction between P fertilization and liming was
highly significant (Table 2), the unlimed treatment (L0) having the
highest P content in both P0 and P15. The treatments receiving P fer-
tilizer generally had higher total P content than unfertilized treatments
(Fig. 2). At 20–30 cm depth, main effects of both lime and P addition
were statistically significant, with a notably higher total P content in
the P15 than in the P0 treatment. Below 30 cm depth, the interaction
between liming and P fertilization remained significant, but considering
the uncertainty of the measurement, differences were small and re-
vealed no clear trends (Fig. 2 and Table 2).

At 0–20 cm depth, Olsen P concentration responded significantly to
both P fertilization and liming (Table 2). As expected the lack of P input
(P0) resulted in significantly lower Olsen P concentrations at 0–20 cm
depth compared to P applied regularly (P15) (Table 2 and Fig. 2). At
this depth, Olsen P responded similarly to liming at both P treatments.
The concentration of Olsen P increased with decreasing lime rate and
was disproportionately higher in the L0 than in other lime treatments. A
similar pattern was observed at 20–30 cm depth, but with less distinct
differences. Below 30 cm depth, Olsen P concentrations were very low.
This was true also for Pw concentrations, which fell below our detection
limit at these depths. For the two upper soil layers, the overall effects of
lime and P fertilizer treatments on Pw resembled those of Olsen P
(Table 2 and Table S2).

At 0 to 20 cm depth, the bicarbonate extractability of soil total P
(Olsen P as a percentage of total P) was markedly higher in the L0
treatments, with no significant difference between P0 and P15. The
extractability declined in response to liming. When limed the ex-
tractability was always higher in the P fertilized than in the unfertilized
treatment (Fig. 3). In line with the extractability in bicarbonate
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solution, the extractability (or solubility) in water was highest when no
lime was added and with no differentiation between P0 and P15.
However, the solubility in water declined to almost identical levels for
all three lime treatments (L3, L8 and L12) for each P fertilization
treatment with P15 being almost the double of P0 (Fig. 3).

3.3. Oxalate-extractable Al, Fe and P, and P sorption index (PSI)

Even though effects of liming and P fertilization on Alox and Feox
turned out as significant at most soil depths, differences were small
when compared with confidence intervals (Table 3 and Fig. 4). Further,
pairwise comparisons of treatments only revealed few differences be-
tween treatments (data not shown), with no clear pattern in treatment
effects on neither Alox nor Feox (Fig. 4). While concentrations of Alox is
lowest in the upper two layers, the opposite is true for Feox. This depth-
related trend in Alox would reinforced if concentrations were given by
soil volume instead of weight because bulk density increases with depth
(Table 1). The opposite would be true for Feox.

Treatment effects on Pox (Fig. 5) resembled the observations on total
P (Fig. 2). Below 30 cm depth treatment effects were negligible.

The PSI ranged from 10 to 24 mmol P kg−1. Neither liming nor P
fertilization had noteworthy systematic effects on PSI at any depth, but
as for Alox concentrations, PSI in the subsoil was markedly higher than
in the two upper soil layer regardless of treatment (Fig. 5).

3.4. Relationship between PSI and soil properties

Graphical modelling (Fig. 6) of relations between PSI, soil depth and

Fig. 1. Soil pH and soil C for different P fertilizer and lime treatments at the depth intervals 0–20, 20–30, 30–50, 50–70 and 70–100 cm. Estimates are plotted at
approximately the middle of each depth interval together with confidence intervals (95% coverage). P0 refers to a single application of 156 kg P ha−1 in 1944 and no
P since while P15 refers to a single application of 156 kg P ha−1 in 1944 and subsequent annual additions of 15.6 kg P ha−1. The rates of lime are indicated in the
legend.

Table 2
Tests of main effects and interaction between lime and P treatments on soil pH,
soil C, total P, Olsen P and Pw. Each soil layer was tested separately with a
generalized linear mixed model with the Gamma or the normal distribution as
specified in the parenthesis below the variable name. “n/a” means not applic-
able.

Variable
(distribution)

Depth, cm Main effects and interaction, P values

Liming P-fertilization Liming × P-fertilization

pH (Normal) 0–20 <0.001 0.653 0.344
20–30 <0.001 0.536 0.646
30–50 <0.001 0.007 0.925
50–70 n/a n/a 0.002
70–100 n/a n/a 0.025

Soil C
(Normal)

0–20 0.011 0.937 0.449
20–30 0.005 0.283 0.868
30–50 0.026 0.875 0.529
50–70 0.118 0.573 0.393
70–100 0.158 0.952 0.691

Total P
(Gamma)

0–20 n/a n/a <0.001
20–30 <0.001 < 0.001 1.000
30–50 n/a n/a <0.001
50–70 n/a n/a 0.017
70–100 n/a n/a <0.001

Olsen P
(Gamma)

0–20 <0.001 < 0.001 1.000
20–30 n/a n/a 0.014
30–50 n/a n/a 0.002
50–70 <0.001 1.000 1.000
70–100 n/a n/a 0.002

Pw (Gamma) 0–20 <0.001 < 0.001 1.000
20–30 0.007 < 0.001 1.000
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Fig. 2. Total P and Olsen P for different P fertilizer and lime treatments at the depth intervals 0–20, 20–30, 30–50, 50–70 and 70–100 cm. Estimates are plotted at
approximately the middle of each depth interval together with confidence intervals (95% coverage). P0 refers to a single application of 156 kg P ha−1 in 1944 and no
P since while P15 refers to a single application of 156 kg P ha−1 in 1944 and subsequent annual additions of 15.6 kg P ha−1. The rates of lime are indicated in the
legend.

Lime and P treatment
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Fig. 3. The ratios of Olsen P and water-extractable P (Pw) to total P for each
treatment and the corresponding 95% confidence intervals for soil samples
originating from the 0 to 20 cm soil layer. P0 refers to a single application of
156 kg P ha−1 in 1944 and no P since while P15 refers to a single application of
156 kg P ha−1 in 1944 and subsequent annual additions of 15.6 kg P ha−1. L0,
L4, L8 and L12 indicate the increasing rates of lime.

Table 3
Tests of main effects and interaction for lime and P treatments on oxalate-ex-
tractable P, Fe and Al (Pox, Feox and Alox, respectively). Each soil layer was
tested separately with a generalized linear mixed model defined with the
Gamma distribution. “n/a” means not applicable.

Variable Depth, cm Main effect and interaction, P values

Liming P-fertilization Liming × P-fertilization

Alox 0–20 n/a n/a 0.025
20–30 n/a n/a <0.001
30–50 n/a n/a <0.001
50–70 n/a n/a <0.001
70–100 0.004 0.015 0.087

Feox 0–20 n/a n/a 0.004
20–30 <0.001 < 0.001 1.000
30–50 n/a n/a <0.001
50–70 n/a n/a <0.001
70–100 n/a n/a <0.001

Pox 0–20 0.145 <0.001 0.067
20–30 <0.001 0.055 1.000
30–50 n/a n/a <0.001
50–70 <0.001 < 0.001 1.000
70–100 <0.001 1.000 1.000

PSI 0–20 n/a n/a 0.002
20–30 n/a n/a <0.001
30–50 <0.001 1.000 1.000
50–70 n/a n/a 0.028
70–100 n/a n/a <0.001
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the soil properties Alox, Feox, Pox, Olsen P, soil C and pH showed an edge
connecting PSI and Alox, indicating that Alox contains information on
PSI that is not contained in the other soil variables. The same holds for
soil depth and Pox, while Feox, Olsen P, soil C and pH does not con-
tribute information once depth, Alox and Pox are included.

The quadratic regression models for each depth with PSI as the
response variable and Alox and Pox as the explanatory variables gen-
erally had good fits, except for the 30–50 cm depth. At this depth, the
model showed a somewhat larger variation and a tendency to over-
estimate at lower and underestimate at higher Alox concentrations (Fig.
S1). The model parameters varied significantly with depth (Table 4).
The main explanatory variable was Alox that contributed positively to
the sorption capacity whereas increasing Pox concentration, re-
presenting previously adsorbed P, reduced the PSC at all depths
(Table 4 and Fig. 7). The curvature caused by the contibution from the
squared Alox element was negliglible at the lowest depth. The con-
tribution from Pox and the squared Pox were both negative at the two
upper soil layers while for the three lower layers either the Pox or the
squared Pox element was negative (Table 4 and Fig. 7).

4. Discussion

4.1. P balance considerations

Omission of P fertilization for a period of 72 years decreased total P,
Olsen P and Pw concentrations in the top 30 cm soil, but not in soil
layers below this depth irrespective of lime and P addition rates. The
P15 treatments received 1280 kg fertilizer P ha−1 during 1944–2016.

Unfortunately, it is not possible to estimate the P off-take because of
long periods with unrecorded yields. However, annual P off-take by
crops like barley grown on this soil type is not likely to exceed the 15 kg
P ha−1 added in the P15 treatment. Based on barley yields recorded in
2016 (Christensen et al., 2020), we expect the treatment combination
L0/P15 to show the largest positive P balance and the L8/P0 the most
negative. A tentative P balance suggest a cumulative P offtake in these
treatments of 220 kg P ha−1 and 690 kg P ha−1 respectively since the
start of the experiment and that changes in soil P could range from
+1060 to −540 kg P ha−1. However, this balance estimate remains
provisional as treatment effects have fluctuated over time. For the L0/
P15 treatment combination, the P offtake is most probably markedly
overestimated, as crop grown in unlimed treatments occasionally fail
completely. When basing P budgets on measured total P in the top
30 cm soil profile, difference between these two treatments is 405 kg P
ha−1 (1810 kg P ha−1 in L0/P15 and 1360 kg P ha−1 in L8/P0).
However, tillage-mediated transfer of soil P across plot borders may
jeopardize the relevance of plot-based element budgets in long-term
field experiments with tillage crossing plot borders (Sibbesen et al.,
2000). In principle, leaching losses of P could influence the P balance
estimates, but we consider leaching to be of minor importance at this
experimental site.

4.2. Conditions for leaching of P

In soil below 30 cm, concentrations of total P and Olsen P dropped
to almost constant levels, unaffected by liming and P addition and Pw
dropped below the detection limit. Low concentrations of soluble P in

Fig. 4. Oxalate Al (Alox) and oxalate Fe (Feox) for different P fertilizer and lime treatments at the depth intervals 0–20, 20–30, 30–50, 50–70 and 70–100 cm. The
estimates are plotted at approximately the middle of each depth interval together with confidence intervals (95% coverage). P0 refers to single application of 156 kg
P ha−1 in 1944 and no P since while P15 refers to application of 156 kg P ha−1 in 1944 and subsequent annual additions of 15.6 kg P ha−1. The rates of lime are
indicated in the legend.
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the subsoil align with the high PSI. Even at 0–20 cm the PSI of
8–12 mmol kg−1 (which translates to a capacity to retain 680–1020 kg
P ha−1) was markedly higher than the 3–5.4 mmol kg−1 reported for
Swedish topsoils (Mollisols and Inseptisols) even though these soils
were poorer in Olsen P and more clayey (Börling et al., 2001). In

addition, other studies found little evidence of P migrating to deeper
soil layers after P additions (Lindo et al., 1993; Sharpley et al., 1993;
Shepherd and Withers, 1999; Turtola and Yli-Halla, 1999). In contrast,
Aulakh et al. (2007) reported significant amounts of residual fertilizer
P, added over a period of 25 years and measured as Olsen P, in the
upper 150 cm of a coarse sandy loam soil with 43–58% present below
60 cm soil depth. They attributed the P movement to deeper soil layers
to the coarse soil texture and a low PSC. We envision that the high P
sorption capacity in our sandy soil profile ensures minimal P leaching
when subject to crop-relevant rates of mineral fertilizer P. If P is added
with animal manure it may be more susceptible to transport to subsoils
(e.g. Nair and Graetz, 2002; Rubæk et al., 2013).

4.3. Effects of liming on Olsen P and Pw

Concentrations of Olsen P and Pw in the top soil were significantly
higher in unlimed treatments regardless of P fertilization. This was
partly caused by poor crop growth and limited P removal. Barley grown
on unlimed plots delivers very small yields due to low pH and expected
elevated concentrations of Al in the soil solution (Haynes, 1982; Haynes
and Mokolobate, 2001). In limed treatments crop production improved,
leading to enhanced plant P uptake and consequently to reductions in
availability indices such as Olsen P and Pw. However, differences in P
balance seemed not to be the only reason for the elevated Olsen P and
Pw levels in the unlimed treatments.

The extractabilities of molybdate reactive P in the bicarbonate so-
lution and to lesser extend in water in unlimed treatments were re-
markably high compared to another study (Rubæk et al., 2013) and

Fig. 5. Oxalate P (Pox) and the phosphorus sorption index (PSI) for different P fertilizer and lime treatments at the depth intervals 0–20, 20–30, 30–50, 50–70 and
70–100 cm. The estimates are plotted at approximately the middle of each depth interval together with confidence intervals (95% coverage). P0 refers to a single
application of 156 kg P ha−1 in 1944 and no P since while P15 refers to a single application of 156 kg P ha−1 in 1944 and subsequent annual additions of 15.6 kg P
ha−1. The rates of lime are indicated in the legend.

Fig. 6. Interdependence graph for PSI, Alox, Feox, Pox, Olsen P, Soil C, pH and
depth, estimated using a graphical model. Each node represents a soil variable.
A line connects two nodes if, and only if, the two corresponding variables are
conditionally correlated given the other variables, i.e., when the two variables
carry information on each other that is not already contained in the rest of the
variables.
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independent of P fertilization. This may suggest that indigenous soil P
as well as added P existed in easily soluble forms in this soil type when
unlimed. When soils were limed extractability in bicarbonate and so-
lubility in water declined, and treatments with frequent P addition
consistently showed higher extractability than treatments without P
addition. If the only effect of liming was increases in soil pH the in-
creased repulsion between charged surfaces of the hydrous oxides of Fe
and Al and the added phosphate ions would in principle favor in-
creasing proportions of total P being water-extractable and thus plant
available (Frossard et al., 1995). However, increases in pH may also
lead to changes in the solubility of the amorphous Fe and Al oxides and
hence changes the number of sorption sites for P. Furthermore, addition
of lime also increase Ca2+ concentrations. This may lead to temporal
and localized precipitation of Ca phosphates (Akinremi and Cho, 1991;
Shepherd and Withers, 1999; Tunesi et al., 1999) and promote bridging
between phosphate and negative surfaces by Ca2+ ions (Barrow, 1984,
2017; Haynes, 1982). These effects of Ca2+ in turn may favor a de-
crease in the proportion of total P extracted as Pw in response to liming.
The unchanged P solubility in water with increased liming from L4 to
L12 suggested that in our study these mechanisms somehow outbalance
each other.

The amount of Ca added in the L12 treatment at 5 to 9 years in-
tervals corresponded to 39 mmol kg−1. With annual addition of P
(P15), the concentration of total P is 14 mmol kg−1. Thus, our appli-
cation rates of lime provided enough Ca for it to influence the retention
and thus the extractability of added P after lime application. The ex-
tractability in water in P15 was in fact markedly larger than in the P0
treatment in all limed treatments in our study. Accordingly, Simonsson
et al. (2018) found enhanced solubility of added fertilizer P after ap-
plication of lime. They suggested that liming inhibit conversion of
fertilizer P to less extractable P forms by incorporation of silica into
amorphous Fe and Al oxides, thereby blocking the migration of P into
oxides as an explanation.

Incubation studies from New Zealand on Olsen P and liming gen-
erally found Olsen P values to decrease with liming (Curtin and Syers,
2001; Sorn-srivichai et al., 1984). This aligns with our results.

4.4. Phosphorus sorption properties of the soil

4.4.1. Oxalate-extractable Al and Fe, and PSI
The concentrations of Alox and Feox are in accordance with results

from other Danish soils (Borggaard et al., 1990; Rubæk et al., 2013),
and align with observations on Finnish Spodosols for which enrichment
with Alox but not with Feox in the Bhs horizon was reported (Peltovuori,
2002, 2006; Turtola and Yli-Halla, 1999). In contrast, Börling et al.
(2001) and McCallister (2015) reported higher or equal proportions of
Feox and Alox in various soil types situated in humid temperate climate.
The increase in Alox and PSI below 30 cm depth in the Jyndevad soil is
consistent with results reported by Andersson et al. (2015). They found
high subsoil PSI and low P leaching despite a high topsoil P content.

4.4.2. Models predicting PSI
PSI could be explained by accounting for depth of sampling, Alox

and Pox. Neither Feox, pH nor soil C added further information on PSI.
Alox contributed positively to PSI, which is in accordance with previous
studies (Borggaard et al., 1990; Börling et al., 2001; Hartono et al.,
2005) and confirms that P sorption capacity in this soil type relates to
amorphous Al oxides. However, our results do not support the hy-
pothesis that Fe oxides, soil pH and soil C content contribute to P
sorption capacity in this soil. For the deepest soil layer, the relation
between PSI and Alox was almost linear, while it was curvilinear at all
other depths. The contribution of Pox was in general negative, reflecting
that Pox represented P already occupying sorption sites on the amor-
phous Al hydroxides (Börling et al., 2001). It is surprising that Feox did
not contribute to the model of PSI as previously suggested (Borggaard
et al., 1990; Maguire et al., 2001; Fink et al., 2016). Furthermore, itTa
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questions one of the most frequently applied equations for estimating
PSC, which allocates equal importance to Feox and Alox when calcu-
lating PSC (Van der Zee and Van Riemsdijk, 1986).

Despite the significance of pH on P sorption observed in other stu-
dies (e.g. Barrow, 2017), soil pH did not contribute to the PSI model.
This was true even though variations in soil pH at all depths were large
and significant. This suggests that the changes in soil pH, induced by
liming under field conditions, did not affect indigenous soil properties
responsible for P sorption to a degree that influenced PSI significantly.
Alox and Pox described PSI at all depths, but the estimated parameters in
the equation differed significantly among soil layers (Table 4 and
Fig. 7). This indicates that unique physico-chemical conditions govern
the P sorption at each depth and that oxalate extraction appears not to
reflect these conditions. These conditions most probably include dif-
ferent stages of formation of amorphous Al hydroxides and associated
compounds (Lundström et al., 2000). It is likely that refinement of the
information on Al and Fe oxides is needed to improve the model along
with inclusion of other variables such as manganese, silicate and Ca
(Smyth and Sanchez, 1980; Akinremi and Cho, 1991; Jugsujinda et al.,
1995). This could eliminate the need for making separate models for
each depth.

Equations derived from regression models similar to those devel-
oped in our study are frequently used to predict PSC on a wide range of
soils without paying special attention to the depth or soil horizon
(Schoumans and Groenendijk, 2000; Börling et al., 2001; Vaananen
et al., 2008). Since mapping of P sorption capacities and in turn also
risks of P leaching may rely on such equations (Schoumans and
Chardon, 2015), we find it most relevant for future work in this area to
consider variability associated with specific soil depths or soil horizons.

5. Conclusions

Despite long-term differences in lime and mineral fertilizer P ap-
plications and observed changes in soil pH down to 100 cm soil depth,
soil P concentrations responded to the treatments only in the upper

30 cm. We ascribe this to a considerable P binding capacity in this
sandy soil profile. Soil depth was an important factor for P sorption
capacity together with oxalate-extractable Al and P. We conclude that
conventional explanatory variables for P sorption do not fully capture
the P sorption characteristics when samples from different soil horizons
are studied. Thus, the inferior importance of oxalate-extractable Fe, soil
C and pH for P sorption capacity calls for further scrutiny in future
studies on P retention in arable soils. To improve our understanding of
the fate of mineral P fertilizer and establish reliable assessments of the
risk of P leaching, it is most pertinent to consider properties of the
entire soil profile and not just the topsoil.
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