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Abstract

The aim of this work was to assess to which extent organic farming practices would affect the accumulation of total
and available phosphorus (P) in a cropped soil in comparison to conventional practices. In order to achieve this,
soil samples were taken from a long-term field trial comparing a non-fertilised control (NON), two conventionally
cultivated treatments (MIN, CON), and two organically cultivated treatments (ORG, DYN). Soil samples were
taken from each treatment at two depths (0-20 and 30-50 cm) before starting the field trial (1977) and at the end of
every three crop rotations (1984, 1991 and 1998). They were then analysed for total P (Pt ), total inorganic P (Pi),
total organic P (Po) and isotopically exchangeable Pi . After 21 years, the average P input-output budget reached
-20.9 kg P ha−1 a−1 for NON, -7.8 for DYN, -5.7 for ORG, -5.0 for MIN and +3.8 for CON. Total P, Pi as well
as the amount of Pi isotopically exchangeable within 1 minute (E1) were positively correlated to the P budget.
Comparison between P budget and Pt in the top- and subsoils of the fertilised treatments suggested a net transfer
of P from the 0–20 to the 30–50 cm layers between 13 and 26 kg P ha−1 a−1during the first rotation and between
3 and 12 kg P ha−1 a−1during the second rotation. During the third rotation a net upward movement of P from the
subsurface to the topsoil ranging between 3.7 and 10.5 kg P ha−1 a−1was estimated. In the topsoil, E1decreased
from an initial value of 12 mg P kg−1 to 11 in CON, 8 in MIN, 6 in ORG, 5 in DYN and 2 in NON after 21 years.
In the subsoil, E1 increased from an initial value of 2 mg P kg−1 to 4 in MIN, ORG, DYN and NON and to 6 in
CON. These results show that, with the exception of NON, all treatments had still an adequate level of available P
after 21 years of trial and that, in this low to moderately P sorbing soil, an equilibrated input-output budget allows
to maintain P availability at a constant level. In the organic systems, yields have so far partly been attained at the
expense of soil reserves or residual P from earlier fertiliser applications.

Abbreviations: CON – soil fertilised with mineral fertilisers and animal manure and conventionally cultivated; cP

– water extractable Pi ; DYN – soil fertilised exclusively with composted animal manure and cultivated according to
guidelines of bio-dynamic farming; E1 – quantity of Pi isotopically exchanged in the first minute; LU – livestock
units; MIN – conventionally cultivated soil amended exclusively with mineral fertilisers; NON – non-fertilised
control; ORG – soil fertilised almost exclusively with animal manure and cultivated according to guidelines of
Swiss bio-organic farming; Pi – total inorganic soil phosphorus; Po – total organic soil phosphorus; Pt – total soil
phosphorus; r1/R – proportion of the introduced radioactivity remaining in the water extract after the first minute
of the isotopic exchange experiment
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Introduction

Conventional farming systems practices in Western
and Northern Europe have resulted in the application
of phosphorus (P) fertilisers in excess to plant needs
and in an accumulation of soil available P in the sur-
face horizon of agricultural soils (Barberis et al., 1995;
De Smet et al., 1996). These practises led to increased
diffuse losses of P from agricultural soils to surface
water and to water eutrophication (Sharpley et al.,
1994; Jordan et al., 2000).

Integrated and organic farming systems may help
to reduce P losses to water (Walther et al., 1994; Ulen,
1999). The Swiss guidelines of fertilisation for integ-
rated production demand a balanced P budget at the
farm level, implying that the amount of P imported on
the farm in feed and fertiliser does not exceed P export
in harvested products (KIP, 1999). In organic farming
systems, the use of synthetic fertilisers is forbidden
and fertilisation is mainly or exclusively based on an-
imal manure (FiBL, 1999). Applications of manure
produced on farm from 1.2–2.0 livestock units (LU)
ha−1 a−1 are common (Hartnagel, 1997). In organic
farming systems, rock phosphate can also be applied
(FiBL, 1999), but in practice, its use is very limited. It
is assumed, although not proven, that the implement-
ation of integrated or organic farming systems can
lower or stop available P accumulation in agricultural
topsoils and thereby reduce diffuse P losses to waters.

The aim of the present study was to assess to which
extent organic farming practices would affect the accu-
mulation of available and total P in the surface and a
subsurface horizon of a cropped soil in comparison to
conventional practices. In order to achieve this, P in-
puts in fertilisers, P exports in harvested products and
the P balance at the plot level were calculated for three
7-year long rotations in a long term field experiment
comparing the effects of organic and conventional
farming on crop performance and soil fertility (Besson
and Niggli, 1991). Then, soil samples taken from two
depths (0–20 and 30–50 cm) before starting the field
trial and at the end of every rotation were analysed
for total (Pt ), total inorganic (Pi) and total organic
(Po). Finally, inorganic P availability was assessed in
the same samples using the isotopic exchange kinetics
approach (Fardeau, 1993).

Materials and methods

Description of the field trial

The soils used for this study derive from a long-term
field experiment established in 1978 in Therwil (near
Basel, Switzerland) on an Haplic Luvisol developed
on loess in a temperate climate (Besson and Niggli,
1991; Siegrist et al., 1998). The trial is located on
gently inclined land (about 3%, Besson et al., 1978)
in a small valley protected from wind erosion. In ad-
dition, each plot (100 m2) is surrounded by a grass
strip which strongly reduces surface erosion. This
trial compares two types of organic crop production
systems (bio-dynamic, DYN and bio-organic, ORG)
with two conventional crop production systems (CON,
MIN) and a non fertilised control (NON). The treat-
ments mainly differ in fertilisation and plant protection
practices (Table 1). All treatments are cultivated at
four field replicates with the same 7-year crop rotation
in a split-split-plot-design (Besson and Niggli, 1991;
Siegrist et al., 1998). The first crop rotation (1978–
1984) included spring barley, two years of grass-clover
mixture, potatoes, winter wheat, white cabbage and
winter wheat. The second rotation (1985–1991) was
identical, but spring barley was replaced by winter
barley, and white cabbage by red beet. In the third
rotation (1992–1998), winter barley was replaced by
a third year of grass-clover. Crop residues of potatoes,
cabbage and red beet were always left on the plots and
incorporated into the surface horizon while the straw
of the cereals was harvested. Since 1992, the depth
of ploughing is identical in all treatments (18–20 cm).
During the first two rotations, the ploughing depth was
15–20 cm in organically and 20–25 cm in conven-
tionally cultivated plots (Besson and Niggli, 1991).
Samples from the ploughed layer (0–20 cm, in the
following referred to topsoil) and from a subsoil layer
(30–50 cm; ‘subsoil’) were investigated. Samples had
been taken at establishment of the trial (November
1977) or at the end of the rotation after harvesting the
winter wheat (first decade of August in 1984, 1991 and
1998) from each field replicate. Samples were taken
over the inner 3 m × 16 m area of the 5 m × 20 m
plots to avoid border effects. Within each plot, 15–
20 cores were sampled using a 3 cm diameter auger.
The cores were cut into layers (0–20 cm, 30–50 cm),
and the corresponding segments of a field replicate
were mixed. After the samples were transported to the
field station, they were air-dried at 40 ◦C and sieved
(2 mm). The 20–30 cm depth was never sampled. Se-
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Table 1. Average rate of N, P and K fertilisation (kg ha−1 a−1) for the three rotations, type of fertilisers added and plant protection strategy
applied in the investigated farming systems

DYN ORG CON MIN NON NON

N P K N P K N P K N P K N P K

1978–84 112 29 122 113 29 124 135 51 281 0 0 0 0 0 0

1985–91 90 28 99 94 25 124 135 44 232 102 46 225 0 0 0

1992–98 91 17 220 81 25 138 173 34 281 145 36 282 0 0 0

Type of manure/ Aerobically composted Slightly aerobically Anaerobically rotted Exclusively mineral non-fertilised

fertiliser FYM and slurry amended rotted FYM and slurry FYM and slurry (1.2/1.4 fertilisers since 1985; since 1978

bio-dynamic preparations (1.2/1.4 LU ha−1 a−1)a LU ha−1 a−1)a plus 1978–1984: non-

(1.2/1.4 LU ha−1 a−1)a mineral fertilisers ferilised

Plant protection Mineral and herbaceous according to the Swiss according to the guide- according to the guide- according to

preparations according to guidelines of organic lines of Swiss integrated lines of Swiss integrated bio-dynamic

bio-dynamic farming; no farming; no synthetic production since 1991; production since 1991; farming

synthetic pesticides pesticides synthetic pesticides used synthetic pesticides used

respecting thresholds respecting thresholds

FYM = farmyard manure; LU = Livestock units.
a Increase from 1.2 to 1.4 LU ha−1 a−1 occurred at the beginning of the third crop rotation (1992–98).

lected chemical soil characteristics after 21 years of
different farming are given in Table 2.

P budget

Average annual P budgets were calculated at the plot
level as the difference between P input by fertilisation
(amount of fertiliser multiplied by the P content of
fertiliser; Pf ) and the P export from field by harves-
ted products (Ph) (Spiess and Besson, 1995) for the
respective treatment during the respective period:

Annual P budget[kg P ha−1a−1] = [(Pf − Ph)/years]
(1)

Average annual P budgets were determined for each
7-year rotation period and for all 21 years.

Total, total inorganic and total organic P

The Pt , Pi and Po contents were determined with
the ignition method of Saunders and Williams (1955).
One set of soil samples (1 g) finely ground using a
mortar were ignited for 5 hours at 550 ◦C. Afterwards,
P was extracted by 50 ml of an 1 N H2SO4 solution
by shaking the samples for 16 h. After filtration of the
extracts (Whatman 40), Pt was determined according
to Tiessen and Moir (1993). Inorganic P content was
determined with the same procedure applied on non-
ignited samples. Organic P content was calculated as
difference between Pt and Pi . For soils from this ex-
perimental site, Pt obtained by ignition agrees well

with the amount of Pt determined using perchloric
acid digestion or KNO3/NaNO3 fusion (Oberson, un-
published results). The P content in kg P ha−1 was
calculated using the bulk density of the respective soil
layers. Since treatments were shown to not affect the
bulk density (Alföldi et al., 1993), the average value of
1.25 kg l−1 (Stauffer, personal communication) was
used for the topsoil and 1.47 kg l−1 for the subsoil
layer.

P movement

Phosphorus losses from the topsoil other than by
harvested products occurred over the 21 years exper-
imentation period if measured Pt changes in the top-
soil between 1977 and 1998 (�Pt = Pt (1998) minus
Pt (1977)) are not accounted for by the total P budget of
the respective treatments, i.e. if Equation (2) becomes
negative:

Unaccounted P [kg P ha−1] = (2)

[(�Pt) − (annual P budget ∗ 21years)]
Positive values for unaccounted P indicate P enrich-
ment in the topsoil that is not caused by fertiliser P
input. Unaccounted P was also calculated for each
rotation.

P availability

The isotope exchange kinetics technique (Fardeau,
1993) was used to assess soil Piavailability. This
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approach, which is based on the kinetics of disappear-
ance of radioactive phosphate ions from the solution of
a soil–solution system at steady state (i.e., at a constant
31PO4 concentration in the solution), gives inform-
ation on the intensity, quantity and capacity factors
controlling soil P availability (Fardeau, 1993; Frossard
et al., 1994). After shaking a 1:10 soil:water suspen-
sion (5 g soil in 49 ml deionised water) during 16
h, 1 ml of carrier-free 33PO4 ion tracers (0.02 MBq)
was added and the isotopic exchange between the soil
solution and the soil solid phase followed. In this ex-
periment, 1, 10, 20 and 60 minutes after the addition
of the tracer, about 2 ml of suspension were removed
with a polyethylene syringe and the solution immedi-
ately separated from soil particles using a membrane
filter (0.2 µm pore size). The 33PO4 in the filtered ali-
quots was determined with a scintillation counter. The
Pi concentration in the soil solution (cP , mg P l−1) was
determined colorimetrically (Tiessen and Moir, 1993)
at the end of the batch experiment after centrifugation
(6000 rpm; 10 min) on filtered (0.2 µm pore size)
aliquots.

The quantity E1 (mg P kg−1) represents the pool of
P ions that is exchanged during the first minute of the
batch experiment. It is immediately available to crops
without chemical transformation and is calculated us-
ing the following equation (Fardeau, 1993):

E1 = 10cP /(r1/R), (3)

where E1 presents the quantity factor, cP the intensity
factor and r1/R the capacity factor. The ratio r1/R de-
scribes the ratio between the radioactivity remaining in
the solution after one minute of exchange (r1) and the
initially added radioactivity (R) and is well correlated
with the P adsorption capacity of soils (Fardeau, 1993;
Frossard et al., 1993). Soils with a r1/R < 0.2 show a
high, soils with a r1/R > 0.4 a low P sorbing capacity
(Fardeau, 1993).

Statistics

Each parameter was analysed on the 4 field replicates
per treatment and tested using SAS (1989). Signific-
ance of differences between treatments or between
rotation periods was tested using Duncan’s multiple
range test after two-way ANOVA. Significance of
changes in P contents and P availability parameters
between 1977 and 1998 as well as differences between
�Pt in topsoil and the P budget after 21 years were
tested using post hoc tests after two-way ANOVA.
The profiles of the P availability parameters and total

Pt , Pi and Po contents were analysed using repeated
measures ANOVA. Dependency of the P contents and
P availability parameters from the P budget, and of P
availability from P budgets, soil Ca, Pi and Pt contents
after 21 years was tested using simple and multiple
linear regression analysis, respectively.

Results and discussion

P budget

Average annual P budgets of both organic farming sys-
tems were negative for each single rotation period and
for the 21 years of field experimentation (Table 3).
This indicates that P removal by harvested products
exceeded the P input in fertilisers and that soil re-
serves or residual P from earlier fertiliser applications
provided P for uptake.

For the conventionally cultivated (CON) soil, re-
ceiving mineral fertilisers and farmyard manure, the P
budget decreased from an average of +15.2 kg P ha−1

a−1 for the first rotation to −8.6 kg P ha−1 a−1 for the
third rotation. This was partly caused by a reduction of
the fertilisation level from 1.2 to 1.0 fold standard fer-
tilisation in 1991 and by an additional reduction in fer-
tilisation in 1994 (Table 1) when the Swiss guidelines
for fertilisation were revised (Walther et al., 1994).
Only the CON soil showed a positive budget over all
three rotations. The MIN soil, receiving mineral fer-
tiliser since 1985 only, showed a negative P budget
over the 21 years. This was caused by the absence of
fertilisation during the first rotation period. After being
positive for the second period, a balanced budget was
obtained for the third period, showing that the fertilisa-
tion correctly met the P export by harvested products.
The budget of the non-fertilised soil (NON) went from
an average of −26.2 kg P ha−1 a−1for the first rotation
to −15.8 kg P ha−1 a−1 for the third rotation due to the
decreasing P export caused by decreasing crop yields.

Recovery of Pt in the surface and subsurface horizons

Total P contents in topsoil are positively correlated
with the budget (Figure 1). In all fertilised systems, the
Pt decrease over 21 years was greater than expected
from the P budget (Table 4). The unaccounted differ-
ence suggests mean annual P losses from the topsoil of
5–11 kg P ha−1 a−1 in the fertilised soils while P loss
from topsoil in NON soil was not significant (Table 4).
Phosphorus losses out of the topsoil increased signific-
antly with the P budget (Figure 2). While Pt decreased
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Table 2. Selected characteristics of the soils after 21 years of different farming

Soils DYN ORG CON MIN NON

pH (H2O) 6.8 (0.2) 6.6 (0.1) 6.1 (0.1) 6.2 (0.2) 6.4 (0.2)

Organic C (g kg−1) 14.7 (0.3) 13.1 (1.3) 12.6 (0.3) 13.2 (1.4) 12.6 (1.4)

Ca (g kg−1) 2.7 (0.4) 2.0 (0.2) 1.7 (0.1) 1.6 (0.2) 1.9 (0.3)

Mean and standard error of the mean (in brackets) of 4 field replicates; total organic carbon
was analysed by chromic acid digestion (Walkley and Black, 1934); Ca content using 0.05
M HCl and 0.0125 M H2SO4 at a 1:10 soil:solution ratio (Cooperative Extension Service,
1970).

Table 3. Average annual P input, P export and P budget of the investigated soils for each crop rotation and as average of all three
rotations (kg P ha−1 a−1)

First rotation Second rotation Third rotation Three rotations

1977–1984 1985–1991 1992–1998 1977–1998

Soils input export budget input export budget input export budget input export budget

DYN 28.5 30.5 −2.0 b 27.5 32.6 −5.1 c 16.6 33.0 −16.4 c 24.2 32.0 −7.8 c

ORG 29.3 31.2 −1.8 b 25.2 33.7 −8.5 d 25.0 31.6 −6.6 b 26.5 32.2 −5.7 bc

CON 51.1 35.9 15.2 a 43.9 39.2 4.8 b 34.0 42.6 −8.6 b 43.0 39.2 3.8 a

MIN 0 27.5 −27.5 c 46.1 34.1 12.0 a 36.3 35.7 0.5 a 27.5 32.5 −5.0 b

NON 0 26.2 −26.2 c 0 20.7 −20.7 e 0 15.8 −15.8 c 0 20.9 −20.9 d

sem 0.74 0.74 0.82 0.82 0.79 0.79 0.65 0.65

The P budgets are calculated as differences between P input by fertilisation and P export by harvested products; different letters in
the same column show significant differences in P budgets between farming systems (Duncan’s multiple range test). sem denotes the
standard error of the mean.

Figure 1. Relationship between mean annual P budget and Pt con-
tent of the topsoils after 21 years of different farming. ∗ denotes
a significant slope (linear regression); each point presents a field
replicate.

in the topsoil with time, an increase was found in
the subsoil (Table 4). This increase accounts for the
losses observed in the topsoil. This result suggests
a downward movement of P. However, the informa-
tion remains limited due to the missing data on the
20–30 cm layer. Phosphorus downward movement

may have been caused by percolating water or by de-
position by plant roots (Campbell et al., 1993). The
highest downward P movement occurred during the
first crop rotation (13–27 kg P ha−1 a−1; Figure 3) and
decreased in the following rotation. In the third rota-
tion period, the observed Pt decrease in the topsoil was
lower than expected from the budget. This suggests
that a net upward P movement took place (between
3.5 and 10.5 kg P ha−1 a−1; Figure 3). Richards et
al. (1995) and Beck and Sanchez (1996) had shown
the concomitant occurrence of P downward and up-
ward movement depending on fertilisation regimes in
10 and 13-year old long-term field trials, respectively.
Stumpe et al. (1994) and Wechsung and Pagel (1993)
observed an upward transport and proposed that crops
obtained much of their P requirement from the subsoil
when the P budget had been negative in 40- and 84-
year-old long-term field trials, respectively. Significant
P accumulation of plant residues at the surface and
impoverishment of the deeper layers were observed in
no-tillage systems (Scheiner and Lavado, 1998).
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Table 4. Comparison of the total P budget with the changes in total P contents in the soils during 21 years
of different farming (kg P ha−1)

Topsoil (0–20 cm) Subsoil (30–50 cm)

Soils Pt Pt �Pt P Unaccounted Pt Pt �Pt

1977 1998 1998–1977 budget difference 1977 1998 1998–1977

DYN 2025 1743 −282∗ −166 −116∗ 1370 1519 148∗
ORG 1958 1736 −223∗ −120 −103 (P = 0.07) 1370 1501 131∗
CON 1958 1810 −148∗ 80 −228∗ 1388 1571 183∗
MIN 2018 1758 −260∗ −105 −155∗ 1379 1519 140∗
NON 2010 1498 −512∗ −439 −73 1388 1388 0

sem 42.3 46.1 44.4 13.6 52.4 37.7 56.5 40.5

∗denotes a significant change in Pt of the same soil layer after 21 years, or significant differences between
�P in the topsoil and the P budget (for testing the existence of unaccounted differences) using one sample
t-test with the overall sem. sem denotes the standard error of the mean and was calculated by a two-way
ANOVA.

Figure 2. Relationship between P budget and P downward move-
ment from topsoil after 21 years of different farming. ∗ denotes
a significant slope (linear regression); each point presents a field
replicate.

Changes in Pi and Po content in the surface and
subsurface horizons

The Pi and Po contents in the top- and subsoils of
the different treatments between 1977 and 1998 are
presented in the Figure 4. The Pi content of the topsoil
is significantly correlated to the P budget (Figure 5)
whereas Po in the topsoil and Pi and Po in the subsoil
are not related to it. A sharp decrease in the Po con-
tent of topsoil was observed in all treatments during
the first rotation. The reason for this decrease however
remained unclear.

Figure 3. Net downward P movement out of the topsoil (0–20 cm;
negative values) and net upward movement into the topsoil (positive
values) for each rotation period. Data followed by the same lower-
case letters for the same soil are not significantly different (Duncan’s
multiple range test).

Both Pi and Po might have contributed to the
downward movement of P. Increases in the subsoil
were 58 and 63 kg P ha−1 for Pi and Po, respect-
ively, and accounted for the respective decreases in
the topsoil. However, since soil P is continuously
recycled between inorganic and organic forms, it is
not possible from these results to conclude how both
forms contributed to the P movement to the subsurface
horizon.

Changes in inorganic P availability in the surface
and subsurface horizons

Data presented in the Figures 6, 7 and 8 show that the
ratio r1/R, the concentration of Pi in the solution (cP )
and the amount of Pi isotopically exchanged within
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Figure 4. Changes in Pi and Po contents of the topsoil (left) and subsoil (right) during 21 years of different farming.

1 min (E1) in the topsoil regularly decreased during
the 21 years of the trial in all treatments except CON.
In the treatment CON, cP and E1 increased during
the first rotation, and then decreased to values slightly
lower than those observed at the beginning of the trial.
The r1/R value only slightly decreased during the 21
years of the field trial. These results indicate a de-
crease in Pi availability in all treatments except in
CON where P availability remained overall constant.
In contrast, cP , E1 and r1/R increased with time in the
subsurface horizon, which indicates an increase in P
availability (Figures 6, 7 and 8). The largest increases
were observed for CON while the changes in NON
were minor.

The cP , E1 and r1/R values of the topsoil were lin-
early positively correlated to the P budget (Figure 9),
to Pt (r2= 0.30 for cP , 0.40 for E1and 0.19 for r1/R)
and to Pi (r2= 0.55, 0.61 and 0.42). The differences in
P budget, Pt and Pi only partly explain the variation
of cP , E1 and r1/R (multiple regression r2= 0.78, 0.78
and 0.70 for cP , E1 and r1/R, respectively). At sim-
ilar budgets, the MIN topsoils show higher cP , E1 and
r1/R values than topsoils of ORG and DYN (Figure 9).
The largest differences between these three treatments

Figure 5. Relationship between mean annual P budget and Pi con-
tent of the topsoils after 21 years of different farming. ∗ denotes
a significant slope (linear regression); each point presents a field
replicate.

were observed for r1/R (Figure 9). This suggests that
these different types of cropping systems have mod-
ified some soil properties affecting r1/R, i.e. the P
sorption capacity. The increase in P sorption capacity
in DYN could be due to the higher input of Ca with
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Figure 6. r1/R ratio in the top- (0–20 cm; left) and in the subsoil (30–50 cm; right) sampled before the beginning of the trial and at the end
of each rotation period. r1/R denotes the proportion of the introduced radioactivity remaining in the water extract after the first minute of the
isotopic exchange.

Figure 7. Pi concentration in the water extract (cP ) in the top- (0–20 cm; left) and in the subsoil (30–50 cm; right) sampled before the beginning
of the trial and at the end of each rotation period.

Figure 8. Quantity of Pi isotopically exchanged within 1 minute (E1) in the top- (0–20 cm; left) and in the subsoil (30–50 cm; right) sampled
before the beginning of the trial and at the end of each rotation period.
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Figure 9. Relationship between the P budget and the isotopic exchange parameters, and relationship between E1 and the P movement out of
the topsoil after 21 years of different farming. ∗ denotes a significant slope (linear regression); each point presents a field replicate.

the composted manure, which resulted in an increase
in soil pH and exchangeable Ca (Table 2) as already
proposed by Oberson et al. (1993). Multiple regression
analysis including the Ca content alone or with soil
pH as independent variables together with P budget,
Pt and Pi contents increases r2 for r1/R to 0.82 and
0.87, respectively. Finally, E1 in topsoil was positively
related to the quantity of P lost from the surface hori-
zon (Figure 9). Positive linear correlations were also
observed between cP , E1 and r1/R in the subsurface
horizon and the P budget (r2 = 0.36; 0.20 and 0.37)
and Pi (r2= 0.30, 0.17 and 0.32).

The ratio of E1 of the topsoil to E1 of the sub-
soil decreased significantly in all treatments from 8 in
1977 to between 0.7 (in NON) and 2.5 (in MIN) in
1998. In NON, Pi availability was higher in the sub-
soil than in the topsoil in 1998, suggesting that plant

P uptake from deeper layers may have got increas-
ing importance. Net P upward movement estimated
for the third crop rotation period (Figure 3) showed
that this was also probable for the organically cultiv-
ated and the MIN soils, despite that P availability was
still at an adequate level in their topsoils. Kuhlmann
and Baumgärtel (1991) also showed that P uptake
from subsoil increased with decreasing P supply in the
topsoil.

P availability slightly decreased during 21 years
in the CON topsoil despite of a positive P budget. In
contrast, cp and E1 did not decrease in the MIN top-
soil anymore during the third rotation when the budget
was balanced, showing that, in this low P sorbing soil,
P availability can be stabilised with an equilibrated
input-output budget, although at a lower level than in
CON. The MIN soil, which had not been fertilised in
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the first rotation, achieved highest winter wheat yields
in 1984, suggesting that P availability (E1 of 4.9 mg P
kg−1; Figure 8) was not limiting for crop yield (5.4 t
ha−1). This confirms the results of Morel et al. (1992)
who deduced for winter wheat production on French
agricultural soils an E1 value of 3.5 mg P kg−1 to
guarantee achievement of 95% potential yield.

According to Morel et al. (1992), the E1 values
observed in the upper horizon of ORG and DYN are
not yet limiting for wheat production while these treat-
ments also have a significant reserve of available P
in the subsurface horizon. In these treatments, the
mineralisation of organic P might also significantly
contribute to plant nutrition. Oehl et al. (1998) found
in ORG and DYN higher quantities of P, C and N in
the microbial biomass than in MIN and NON. Sim-
ilarly, Oberson et al. (1996) observed a higher rate
of ATP turnover and a higher phosphatase activity in
the DYN and ORG soils compared to CON, MIN and
NON. Finally, weathering of the soil parent material
is also considered as a P source for crops in organic
farming (Kahnt, 1999). However, although it is now
known that organic farming system can promote a
higher soil biological activity (Fliessbach and Mäder,
1997), there is no precise estimation of P release to
agricultural crops through weathering. Letkeman et al.
(1996) estimated an annual P weathering of 0.1 kg P
ha−1 a−1 in soils developed on glacial till of similar
age as the Luvisol of this study. Newman (1995) found
weathering rates between 0.05 and 1.0 kg P ha−1 a−1,
but assumed up to 5 kg P ha−1 a−1 to occur. There-
fore, it remains unanswered if biological processes
and weathering can maintain soil P availability to an
optimum level for plant production.

Conclusion

With exception of the CON treatment, P budgets were
negative for all treatments, indicating that P removal
by harvested products exceeded P input by fertil-
iser. Consequently, yields had partly been attained on
expense of the P reserves of the site present at the be-
ginning of the trial. Comparison between the P budget
and the changes in Pt contents between 1977 and 1998
revealed a P loss from topsoil by processes other than
removal by harvested product. The increase of Pt in
the subsoil layer almost completely accounted for P
lost from the topsoil (5–11 P kg ha−1 a−1), suggest-
ing a downward movement of P. In the third rotation
period, the observed Pt decrease in the topsoil was

lower than expected suggesting that a net upward P
movement had taken place. This upward movement of
P might be related to plant uptake that returned P back
to the topsoil. The importance of this process probably
increased with time because of the decrease of total
and available P in the topsoil.

The Pi availability in the topsoil decreased
markedly in all treatments during the field trial except
in CON which showed a slightly positive P budget.
The P availability in the subsoil increased significantly
in all treatments during the 21 years. Results obtained
in the MIN topsoils demonstrate that, in this moder-
ately to low P sorbing soil, an equilibrated input output
budget allows to stabilise soil P. For the organically
cultivated soils, continued monitoring is needed to de-
termine if an ongoing decrease of availability in the
top- and subsoil can be balanced by an increased or-
ganic P mineralisation and P weathering to maintain
adequate yields.
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