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Phosphorus Availability for Plant Uptake in a Phosphorus-Enriched
Noncalcareous Sandy Soil

G. F. Koopmans,* W. J. Chardon, P. A. 1. Ehlert, J. Dolfing, R. A. A. Suurs, O. Oenema, and W. H. van Riemsdijk

ABSTRACT

Mining soil phosphorus (i.e., harvesting P taken up from the soil
by a crop grown without external P addition) has been proposed as
a possible management strategy for P-enriched soils to decrease the
risk of P leaching. We performed a pot experiment in a greenhouse
where grass was cropped on a P-enriched noncalcareous sandy soil
at zero P application over a period of 978 d. We determined the long-
term availability of soil P and evaluated the effectiveness of mining
soil P to decrease P in different pools. There were two treatments:
soil layers in the pots of either 5 or 10 cm thickness. Soils were analyzed
at various stages of the experiment. Phosphorus in soil solution and
the total pool of sorbed P were estimated using 1:10 (w/v) 0.01 M CaCl,
extracts and acid ammonium oxalate (P,,), respectively. A desorption
isotherm was constructed, which described the relationship between
P in soil solution and the total pool of sorbed P for the soils of the
5- and 10-cm treatments. The Langmuir equation gave a very good
description of the isotherm. In the long-term, 65% of P, in the initial
soil can be removed by plant uptake, as was calculated from the
Langmuir equation and a critical P concentration in soil solution at
which P uptake can just be maintained. Thus, P,, may be largely plant
available. From the strong nonlinearity of the desorption isotherm,
it can be understood why the relative decrease of the P concentration
in the CaCl, extracts was much larger than the relative decrease of
P,. Mining soil P decreased the P concentration in soil solution
effectively and, therefore, risk of P leaching from our P-enriched soil.

IN AREAS WITH intensive livestock farming, the soil P
content of arable land has increased considerably,
mainly due to decades of animal manure application at
rates that exceeded the rate necessary to maintain an
optimal soil fertility for crop production (e.g., Pautler
and Sims, 2000). In the Netherlands, intensive livestock
farming is mainly located on noncalcareous sandy soils in
the middle, east, and south of the country (Breeuwsma
et al., 1995). In general, the sorption capacity of these
soils for P is limited, and as a result, P can be transported to
ground water through leaching, especially in flat areas with
a high ground water level (Schoumans and Groenendijk,
2000). Currently, the P concentration in the upper ground
water is likely to exceed the surface water limit of
0.15 mg total P L™!in an estimated 70% of the noncal-
careous sandy soils in the middle, east, and south of the
Netherlands, an area of about 400 000 ha (Reijerink and
Breeuwsma, 1992). These soils have the potential to
contribute to P enrichment of surface waters through
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subsurface leaching. The enrichment of surface waters
with P may lead to eutrophication and its associated
adverse effects (Sharpley et al., 1994). To decrease the
risk of P leaching, mining soil P, that is, harvesting P
taken up from the soil by a crop grown without external
P addition followed by the off-site removal of the above
ground plant parts, has been proposed as a possible
management strategy for P-enriched soils (e.g., van der
Zee et al., 1992; Chardon et al., 1996b). However, quan-
titative information is scarce on the long-term change in
soil P in P-enriched soils after P application has stopped.
In previous studies of Delgado and Torrent (1997), Guo
and Yost (1999), and Yli-Halla et al. (2002), pot experi-
ments, where soil P was mined by plant uptake, were
done over a relatively short period. Furthermore, in a
long-term field experiment of McCollum (1991) and
those summarized by Sharpley (2000), where soil P was
also mined, the change in soil P was mainly character-
ized with relatively strong extraction methods and only
one extraction method per study.

In noncalcareous sandy soils, amorphous Al- and Fe-
(hydr)oxides are the main reactive solid phases (Beek,
1979). The overall reaction of inorganic P with Al- and
Fe-(hydr)oxides is the result of a fast reversible adsorp-
tion reaction at surface sites (e.g., <1 d) and a slow one,
that is, diffusion through the solid phase or through
micropores of Al- and Fe-(hydr)oxides possibly fol-
lowed by precipitation and/or adsorption inside the ag-
gregates (van Riemsdijk and Lyklema, 1980a, 1980b;
van Riemsdijk and de Haan, 1981; Barrow, 1983; van
Riemsdijk et al., 1984a, 1984b; Bolan et al., 1985; Madrid
and De Arambarri, 1985; Willett et al., 1988). The fast
reaction has been described as a ligand exchange reac-
tion between phosphate anions and OH ™ or H,O groups
at the surface of Al- and Fe-(hydr)oxides (Breeuwsma,
1973; van Riemsdijk and Lyklema, 1980a). Filter paper
strips impregnated with iron oxide have been proposed
to determine the amount of reversibly adsorbed phos-
phorus (FeO-P) (van der Zee et al., 1987). The slow
reaction of P has been described as a slow diffusion
process through the solid phase to the zone where a
fast precipitation reaction occurs: the conversion of Al-
or Fe-(hydr)oxides to Al- or Fe-P precipitates (van
Riemsdijk and Lyklema, 1980a, 1980b; van Riemsdijk
and de Haan, 1981; van Riemsdijk et al., 1984a, 1984b),
leading to a shrinking core of unreacted parts (van der
Zee and van Riemsdijk, 1991). In contrast, in studies of
Madrid and De Arambarri (1985) and Willett et al.
(1988), the slow reaction was described as a slow diffu-
sion through the micropores of aggregates of (hydr)ox-

Abbreviations: FeO-P, phosphorus extractable with a filter paper strip
impregnated with iron oxide; P4, phosphorus extractable with acetic
acid and ammonium lactate; P,,, ammonium oxalate—extractable phos-
phorus; P,, water-extractable phosphorus.
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ides followed by fast adsorption inside the aggregates.
Nevertheless, all studies agree on (reactive) diffusion
as transport for P into the aggregates as the rate-limiting
step in the slow reaction. The total pool of sorbed P
(F) in noncalcareous sandy soils has been interpreted
to be the sum of reversibly adsorbed P (Q) and quasi-
irreversibly bound P (§), that is, F = Q + § (van der
Zee et al., 1987; van der Zee and van Riemsdijk, 1988;
Schoumans and Groenendijk, 2000). The acid ammo-
nium oxalate extraction method of Schwertmann (1964)
has been used to determine both the total pool of sorbed
phosphorus (P,,), which may be equated to F, as well as
the sum of amorphous Al- and Fe-(hydr)oxides [(Al +
Fe).], which determine the total sorption capacity of
inorganic P in noncalcareous sandy soils (Beek, 1979;
van der Zee and van Riemsdijk, 1988).

The reversibility of the overall reaction of P with the
solid phase is of agricultural interest, because of the
need to maintain an optimal soil fertility for crop pro-
duction. It is also of increasing environmental interest,
because of its consequences in terms of the enrichment
of ground water and surface waters with P resulting
from leaching of soil solution. Upon the removal of P
from soil solution, a fast initial desorption reaction for
P adsorbed to surface sites of Al- and Fe-(hydr)oxides
is expected (van der Zee et al., 1987). Desorption of
P bound inside Al- and Fe-(hydr)oxides followed by
diffusion to the outer layers of the aggregates may coun-
teract the decrease of reversibly adsorbed P (Barrow,
1983). Because diffusion is slow, quasi-irreversibly bound
P becomes available again only in the long-term, which
may result in apparent hysteresis of P sorption and de-
sorption (Ryden and Syers, 1977). In the short-term
(e.g., within a growing season), desorption of P bound
by the slow reaction has been considered as irrelevant
(van Noordwijk et al., 1990). The term P fixation has
been used to indicate P sorption, which sometimes is
treated as an irreversible sorption reaction (Schoumans
and Groenendijk, 2000).

Quantitative information about the reversibility of
the overall reaction of P in P-enriched soils and its
consequences for the total amount of P available for
plant uptake and leaching in the long-term is scarce.
Theoretically, all sorbed P in soil is desorbable (Look-
man et al., 1995). However, the rate of desorption of P
and the equilibrium relationship between the P concen-
tration in soil solution and P sorbed to the solid phase
are difficult to determine experimentally, due to the
relatively slow desorption kinetics and other more prac-
tical problems (e.g., van der Zee et al., 1987; Freese et
al., 1995). Removal of P from the soil-solution system
over a short time may cause a fast decrease of P in soil
solution and of reversibly adsorbed P. This may, in term,
result in a disequilibrium with P bound inside Al- and
Fe-(hydr)oxides, because of its slow desorption kinetics.
On the other hand, a slow removal of the same amount
of P over a much longer time may be in equilibrium
with the rate of desorption of P bound by the slow
reaction. As yet, it is unknown to what extent plant
uptake of P from P-enriched soil may be considered as
an equilibrium desorption reaction. A desorption iso-

therm, describing the long-term equilibrium relation-
ship between P in soil solution and the total pool of
sorbed P, can in principle be used to estimate the total
amount of P available for plant uptake and leaching.
To test this hypothesis, one needs to establish the equi-
librium relationship between P in soil solution and the
total pool of sorbed P.

We performed a pot experiment in a greenhouse
where grass was cropped on a P-enriched noncalcareous
sandy soil at zero P application over a relatively long
period (978 d). Our first objective was to determine the
availability of P sorbed to Al- and Fe-(hydr)oxides for
plant uptake in the long-term. Our second objective was
to study P-depleted soil samples and the effectiveness
of mining soil P to decrease P in different pools. Soil
was sampled from a plot of a long-term field experiment
that had been treated with large amounts of animal
manure previously (Del Castilho et al., 1993). On this
plot, the reaction time of the applied P varied from
years to decades. Thus, the slow sorption reaction may
have reached equilibrium. To determine whether plant
uptake of P caused a disequilibrium between P in soil
solution and reversibly adsorbed P on the one hand and
P bound by the slow reaction on the other, we applied
two treatments: soil placed in a pot in a layer of either
5 or 10 cm thickness. We expected a faster decrease of
the P content in the soils of the 5-cm treatment due to
an initially higher plant uptake of P in terms of amount
of P harvested per unit of weight of soil. At various
stages of the pot experiment, soil samples were ana-
lyzed. An estimate of the P activity in soil solution can
be obtained by performing an extraction with water
(Sonneveld et al., 1990) or 0.01 M CaCl, solution (Mc-
Dowell and Sharpley, 2001). In our pot experiment, the
P concentration in soil solution was estimated using both
1:2 (w/v) water and 1:10 (w/v) 0.01 M CaCl, extracts.
Furthermore, reversibly adsorbed P and the total pool
of sorbed P were estimated. In the Netherlands, water-
extractable phosphorus (P,) and phosphorus extract-
able with acetic acid and ammonium lactate (P,.) are
used in agricultural practice as soil tests in P fertilizer
recommendation systems of arable land and grassland,
respectively. To place our pot experiment in a more
practical context, we also determined the change in soil
P using P, and P,;.

MATERIALS AND METHODS
Soil

Soil was sampled in 1997 from the tillage layer (0-30 cm)
of a noncalcareous loamy sandy soil (mesic Typic Haplorthod)
of a plot from a long-term field experiment (see Del Castilho
etal. [1993]). The soil sampled is believed to be representative
of many noncalcareous sandy soils treated with large amounts
of animal manure. Between 1971 and 1982, the soil was treated
with 160 Mg of pig slurry ha™! yr~! (a mixture of feces, urine,
and cleaning water). Between 1982 and 1987, inorganic P
fertilizer was applied in a dosage equivalent to 40 Mg of pig
slurry ha™! yr~'. From 1987 onward, the soil received variable
mixtures of cattle slurry and inorganic P fertilizer (superphos-
phate). The soil was subjected to conventional Dutch agricul-
tural practice: a crop rotation of forage maize (Zea mays L.),
potato (Solanum tuberosum L.), wheat ( Triticum aestivum L.),
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sugar beet (Beta vulgaris L.), and barley (Hordeum vulgare
L.). After sampling, soil was dried at 40°C and passed through
a 2-mm sieve. Before placement of soil in the pots, soil was ho-
mogenized.

Pot Experiment

The pot experiment was performed in a greenhouse. The
temperature was controlled and ranged from 12 to 14°C at
night and from 19 to 21°C during daytime. In the winter, a
12-h day was provided through the use of artificial light to
supplement natural light. Relative humidity was maintained
at 75%. There were two treatments: in a pot with a volume
of 2.5 L, soil was placed in a layer of either 5 or 10 cm thickness
representing 1.65 or 2.85 kg of soil, respectively. The soil
surface was 254 cm’. Before placement of the soil, quartzitic
sand, pretreated with acid to remove P, was placed in a layer
of either 9 or 4 cm thickness. During the placement of soil in
the pots, the lower 3 and 8 cm of the 5- and 10-cm soil layers
were fertilized with 62.5 mg N equally divided between
NH,NO; and Ca(NO;),-4H,0, 50 mg K as K,SO,, 75 mg Mg
as MgSO,7H,0, 4.5 mg Cu as CuSO,-5H,0, and 0.5 mg B as
Na,B,0,-10H,0. For each treatment, 16 pots were sown with
a 1:1 seed mixture of average- and late-stalking perennial
ryegrass (Lolium perenne L.). The grass was topped after
germination; this day was taken as the start of the pot experi-
ment. Approximately 7 d after topping, soil of each pot re-
ceived the same fertilization as previously applied during the
placement of soil in the pots. Supplemental fertilization was
applied after approximately 200 d consisting of 150 mg Mg,
1.5 mg Zn as ZnSO,'7H,0, 4 mg Fe as FeEEDTA, 4 mg Mo as
Na,Mo0O,-2H,0, and Mn as a 1% (w/v) MnSO,-4H,0 solution
as a spray. After 589 and 699 d, 140 mg N, 390 mg K, 150 mg
Mg, 10 mg Cu, 1 mg B, 1.5 mg Zn, 4 mg Fe as FeEDDHA,
4 mg Mo, and 10 mg Mn as either MnSO,-H,O or MnDTPA
were applied. Furthermore, 100 mg Mg was applied after 236
and 319 d. To prevent N and K limitation of plant growth, N
and K were applied after each harvest in addition to the
supplemental fertilization: after the first harvest, soil of each
pot was fertilized with 200 mg N and 175 mg K, after the
second harvest, 240 mg N and 200 mg K, from the third harvest
onward 150 mg N and 150 mg K, after the ninth harvest,
430 mg N and 430 mg K, and from the tenth harvest onward,
360 mg N and 360 mg K. Pots were watered on top of the pot
with demineralized water two times per week to 80 to 100%
of the maximum soil water holding capacity. Once a week,
water was given on the plate. Grass was harvested 31 times,
at an interval of 19 to 47 d by cutting the grass manually at
approximately 2 to 3 cm above the soil surface. Weight of the
grass was determined after drying at 70°C. At various stages
of the pot experiment, soil of two pots per treatment (duplicate
pots) was destructively sampled (22, 41, 88, 151, 236, 319, 692,
and 978 d, further denoted as t1 up to and including t8). Soil
was dried at 40°C and passed through a 2-mm sieve. The initial
soil, denoted as t0, was sampled before placement of the soil
in the pots. Solely after the pot experiment had stopped (t8),
roots were sampled and cleaned manually. Moist soils of the
5- and 10-cm treatments, which were sampled after the pot
experiment had stopped (t8), were incubated in closed plastic
bags in the dark at 20°C. Soil moisture content was maintained
at 20%. Soil was sampled after 968 d of incubation (denoted
as 19), dried at 40°C, and passed through a 2-mm sieve.

Plant Analyses

For each pot, grass samples harvested between two subse-
quent samplings of the soil were mixed, ground, and homoge-

nized. The N and P contents were determined according to
Temminghoff et al. (2000). The dry weight of the mixed grass
samples was determined at 105°C. The dry matter production
and N and P contents were expressed as g dry matter dried
at 105°C and g P or g N kg ! of dry matter dried at 105°C, re-
spectively.

Soil Analyses

The pH and organic matter content were determined ac-
cording to Houba et al. (1997). The pH was measured in a
settling 1:5 (w/v) suspension of soil in demineralized water and
organic matter was estimated from loss-on-ignition. Organic P
was calculated as the difference between total inorganic P
measured after combustion of organic matter in a muffle fur-
nace (550°C) and subsequent digestion of soil with 0.5 M
H,SO,, and inorganic P measured after digestion of soil with
0.5 M H,SO, (Kuo, 1996). Total P was measured after soil
digestion with Fleischmann acid (a 1:1 [v/v] mixture of concen-
trated HNO; and H,SO,) (Houba et al., 1993). Phosphorus in
soil solution was estimated using both 1:2 (w/v) water extracts
and 1:10 (w/v) 0.01 M CacCl, extracts (Houba et al., 1986;
reciprocative shaking at 165 strokes per min [spm]). For the
1:2 (w/v) water extracts, a modified method of Sonneveld et
al. (1990) was used. The water-based soil suspensions were
shaken on a reciprocating shaker at 130 spm for 1 h. After
centrifugation (10 min at 1800 X g), supernatants were filtered
(0.45 pm) and P was measured in the filtrates. The elemental
composition of the soil solution of the initial soil and the soils
sampled at t4 and t8 was estimated using 1:2 (w/v) water
extracts. For this purpose, the soil of only one of the duplicate
pots was used. The water extracts were shaken reciprocatively
at 75 spm for 24 h. After filtration (0.45 pm), concentrations
of Al, Ca, Cu, Fe, K, Mg, Mn, Na, P, and S were measured
using inductively coupled plasma atomic emission spectros-
copy (ICP-AES). Concentrations of NH;" and NO; were mea-
sured colorimetrically (Houba et al., 1997). Reversibly ad-
sorbed P was estimated using a modified method of van der
Zee et al. (1987). Filter papers were immersed in a 0.37 M
FeCl; solution for 5 min and neutralized in 2.7 M NH,OH for
45 s. One FeO strip in a fixed position was shaken end-over-
end with 1 g of soil in 40 mL 0.01 M CaCl, at 4 rotations per
minute (rpm) for 16 h. Adhering soil particles were removed
from the FeO strip using an airbrush as recommended by
Chardon et al. (1996a). The FeO with adsorbed P was dis-
solved by shaking the FeO strip end-over-end at 30 rpm in
0.1 M H,SO, and P was measured in the extracts. The total
pool of sorbed P was estimated using the acid ammonium
oxalate extraction method of Schwertmann (1964). Concentra-
tions of P, Al, and Fe were measured using ICP-AES. The
P, (water-extractable P at a soil to solution ratio of 1:60 [v/v])
(Sissingh, 1971) and P, (Egnér et al., 1960) extraction meth-
ods were used to determine the agronomic P status of the
soils for arable crops and grassland. In all extracts, except the
acid ammonium oxalate and the 1:2 (w/v) water extracts used
to estimate the elemental composition of soil solution, P was
measured colorimetrically according to Murphy and Riley
(1962). The results of the soil analyses, except the 1:2 (w/v)
water extracts used to estimate the elemental composition of
soil solution, were reported as the average = standard devia-
tion of the duplicate pots of the 5- and 10-cm treatments.

RESULTS AND DISCUSSION

Dry Matter Production and Phosphorus
and Nitrogen Uptake

In the initial stage of the pot experiment (236 d),
the slope of the cumulative dry matter production as a
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Fig. 1. Cumulative dry matter production in the 5- and 10-cm
treatments.

function of time in the 5- and 10-cm treatments was
lower than in the remaining part (Fig. 1). In the next
742 d, the dry matter production rate increased and the
slope of the cumulative dry matter production remained
relatively constant. The dry matter production rate was
lower in the 5-cm treatment than in the 10-cm treatment.
Continuous cropping of grass for 978 d under green-
house conditions removed considerable amounts of P
from soil. The cumulative plant uptake of P from the
soils of the 5- and 10-cm treatments amounted to 320
and 259 mg P kg~ of soil, corresponding to 36 and 29%
of P, in the initial soil, respectively (Fig. 2 and Table 1).
The slope of the cumulative P uptake as a function of
time showed a decrease with time, which can be ex-
plained by the decrease of the P content of the harvested
grass (Table 2). In the 5- and 10-cm treatments, the P
content of the grass decreased with time by 87 and 82%,
respectively. Interestingly, the cumulative plant uptake
of P was larger than the amount of FeO-P extracted
from the initial soil (Fig. 2 and Table 3). The FeO strip
method has been used to estimate the total amount of
P available for plant uptake within a growing season
(van Noordwijk et al., 1990). Apparently, the grass was
able to remove P from the quasi-irreversibly bound P
pool over the course of our pot experiment. The input
of N with the added fertilizer to the pots of the 5- and

350 -
300 |
250 -

200 -

-

150 lo5cm |
[10cm|

100 |

50 |

Cumulative plant uptake of P (mg P kg of soil)

0 200 400 600 800 1000
Time (d)

Fig. 2. Cumulative plant uptake of P from the soils of the 5- and
10-cm treatments. To guide the eye, lines, fitted to the data using
an exponential curve, have been added.

10-cm treatments was 1.5 and 1.4 times higher than the
cumulative plant uptake of N, respectively. Neglecting
the contribution of the soil to plant uptake of N, the
recovery of N in the harvested grass was 67 and 71%
in the 5- and 10-cm treatments, respectively. The N
content of the grass in the 5- and 10-cm treatments
decreased with time by 65 and 70%, respectively
(Table 2). Thus, the N use efficiency of the grass de-
creased as the P content of the grass decreased. The P
content of the harvested grass decreased at a higher
rate than the N content. The N to P ratio of the grass
in the 5- and 10-cm treatments increased from 8.0 and
9.3 to 22.3 and 15.1, respectively (Table 2). The ratio
between the N and P contents of vegetation gives an
indication of limitation of plant growth by either N or
P: at a N to P ratio of >16, P acts as a limiting factor
(Koerselman and Meuleman, 1996). From t7 (692 d)
onward, the N to P ratio of the harvested grass in the
5-cm treatment was >16. Therefore, somewhere in the
interval between t6 and t7 (between 319 and 692 d), P
may have become limiting for plant growth. This may
explain the lower dry matter production in the 5-cm
treatment (Fig. 1).

Table 1. Selected characteristics of the soils of the 5- and 10-cm treatments.t

5 em

10 cm

Time pH (H;0) Organic matter (Al + Fe),, P,

Organic P Total P pH (H,0) Organic matter (Al + Fe),, P,

Organic P Total P

d % mmol kg™! mg P kg™!
0 (t0) 5.18 341 69.0 896 184

22 (t1) 4.88 = 0.02 3.58 = 0.02
41 (12) 4.87 = 0.02 3.25 £ 0.28
88 (t3) 4.99 = 0.00 3.14 = 0.53
151 (t4) 4.93 = 0.04 2.59 + 0.76
236 (t5) 5.13 = 0.03 3.66 = 0.19
319 (t6) 5.03 = 0.08 3.57 = 0.04
692 (t7) 5.52 = 0.37 521 = 0.33
978 (t8) 6.07 = 0.20 5.12 = 0.10

7.7 £ 2.0 902 +17 270 + 53 980 + 3

689 0.0 847 +4 261 +8 935+ 31
68.5 £ 2.5 834 = 57 248 = 36 913 + 49
687 =14 814 +3 240 =19 896 = 31
62.8 + 1.7 696 + 18 189 +8 819 + 49
629 * 1.3 643 = 12 222 + 30 765 + 64
66.1 + 0.3 558 + 18 252 + 11 653 + 18
65.1 =33 468 +24 251 -6 595*9

% mmol kg™! mg P kg™!

5.18 341 69.0 896 184 1022
510 = 0.04 3.83 = 0.07 713 =14 9253 237 +26 1019 =8
519 = 0.01 348 =0.08 688 =08 888 =5 251 =36 976+ 10
532007 259 =068 67.1 =09 854 =12 229 =29 927 5
5.26 = 0.08 3.89 = 0.13 681 =08 847 +4 186 =14 936 =1
535 £0.04 3.57 =0.22 62.6 =09 745 =16 221 =26 812 * 40
542 = 0.02 3.76 = 0.05 65.6 = 3.7 750 =27 192 =28 855 = 83
571 = 0.06 4.30 = 0.22 68.7 = 0.1 682 =10 247 =7 766 + 6
583 =008 422010 698 =21 611 =39 263 =4 666 + 18

F Values are averages of duplicate pots + standard deviations.
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Table 2. Nitrogen and P contents of the harvested grass and N to P ratio: of the 5- and 10-cm treatments.

Sem 10 cm

Time N P N to P ratio N P N to P ratio
d g kg~ ! of dry matter g kg~! of dry matter

22 (t1) 47.6 = 2.1 593 = 0.33 8.0 55.0 = 1.7 5.94 = 0.23 9.3
41 (12) 47.6 = 2.5 6.81 = 0.32 7.0 43.7 = 2.0 7.61 = 0.21 5.7
88 (t3) 46.3 + 4.8 5.80 = 0.15 8.0 473 + 2.0 6.70 + 0.16 71
151 (t4) 33018 532 = 0.16 6.2 331+ 1.0 6.54 = 0.17 5.1
236 (t5) 245+ 1.5 4.61 = 0.25 53 24.0 = 0.8 5.52 = 0.34 4.4
319 (t6) 17.4 £ 0.7 2.34 = 0.12 7.4 154 = 1.2 2.87 = 0.27 54
692 (t7) 18.2 £ 0.9 1.09 = 0.08 16.7 16.0 = 0.7 1.34 = 0.07 11.9
978 (t8) 16.7 ~ 0.4 0.75 + 0.03 22.3 16.4 + 0.5 1.09 = 0.19 15.1

T Values are averages = standard deviations.
% The N to P ratio was calculated on a weight basis.

Soil Characteristics with time to 0.23 and 0.28 in the soils of the 5- and

In the initial soil, the pH and organic matter content 10-cm treatments, respectively.

were 5.18 gind 3.41%, respectiv;ly (Table 1). The pH Phosphorus Desorption Behavior
showed an irregular increase during the pot experiment. . . .
The N fertilizer applied during the pot experiment was Figure 3 shows the relationships between the P con-

equally divided between NH,NO; and Ca(NO;),-4H,0. centration in 1:2 (w/v) water extracts and FeO-P and o.
Thus, three-fourths of the N applied was in the form Due to continuous cropping of grass, FeO-P decreased
of NO7, suggesting that N may have been mainly taken by 83 and 72% in the soils of the 5- and 10-cm treatments
up as NO;. Uptake of excess anions over cations may over the course of the pot experiment (Table 3), respec-
have been compensated for by root excretion of OH" tively, whereas the relative decrease of a was much
and HCOy, leading to an increase of the rhizosphere smaller. For both FeO-P and a, the curves are clearly
pH (Hinsinger, 2001). Denitrification of some of the different for the soils of the 5- and 10-cm treatments.
NOj; applied may also have contributed to an increase Ob.VltOlffstl}};’ b (_)tt_hlcu_rlv ©s ds.h(allld qopve:lrgfhm ihe dz(ijt_a
of the pH (Simek and Cooper, 2002). Organic matter p:) mo : tl? [nitialsol falr)l tlﬁl i e?rlgu}[. g eltn erme dl-

) . . . ate part, the curves of both treatments do not coincide,
shoved anjnealar Icrese duing (el Xperiment, it i o sluion st iy g
a part remained in soil after sampling and pretreatment; WILh reversibly adsorbe an ound by the slow

. : . . reaction. However, the elemental composition of the
organic P was .hlgher mn thc_a soils samp led at the end of 1:2 (w/v) water extracts differs for both treatments
the pot experiment than in the initial soil (Table 1).

(Table 4). In general, Ca is the main cation, contributing

The (Al + Fe), content remained relatively constant on average 57% to the total amount of cations in the
as expected (Table 1). In the soils of the 5- and 10-cm water extracts of the initial soil and the soils of the
treatments, Po, decreased with time by 48 and 32%, 5- and 10-cm treatments sampled at t4 and t8. The Ca
respectively (Table 1). The decrease of P, in .the soils concentration in the water extracts obtained from the
of both treatments was larger than the cumulative plant soils of the 5-cm treatment is (much) higher than the
uptake of P (Fig. 2). This may, in part, be explained by one obtained from the soils of the 10-cm treatment. This
the buildup of a P pool contained in root residues. The may be caused by the fertilization history of the pot
ratio between P, and (Al + Fe), (both expressed in experiment: the pots of the 5- and 10-cm treatments
mmol kg™'), a, is a measure of the degree of P saturation received the same amount of Ca fertilizer, but per unit
of a soil with respect to its content of amorphous Al- of weight of soil, the soils of the 5-cm treatment received
and Fe-(hydr)oxides (van der Zee and van Riemsdijk, a much higher Ca input with the added fertilizer. The
1988). The a of the initial soil was 0.42 and decreased sorption of P to metal-(hydr)oxides increases and the

Table 3. Soil extractable P in the 5- and 10-cm treatments.t

5 em 10 cm
1:2 (wiv) 1:10 (w/v) 0.01 1:2 (wlv) 1:10 (w/v) 0.01
Time Water M CaCl, P, FeO-P Py Water M CaCl, P, FeO-P P
d mg P L! mg P kg! mgP L™t mgP kg ! ——
0 (t0) 2.42 0.84 25.5 49.2 398 242 0.84 25.5 49.2 398

22 (t1) 0.93 + 0.04 0.52 = 0.02 16.1 = 0.7 427 +03 387 +3 176 = 0.09 0.68 = 0.00 214+ 12 469 = 1.7 402 =6
41 (t2) 0.77 = 0.01 0.45 = 0.02 153 +03 431 +11 374+15 1.60 = 0.00 0.60 = 0.00 204 =01 454 0.6 4053
88 (t3) 0.68 = 0.08 0.41 = 0.05 134 1.0 345+ 04 327 =40 1.58 = 0.06 0.58 = 0.09 197 =03 363 =07 398 =13
151 (t4) 0.64 = 0.10 0.35 = 0.03 129 £ 07 322+x10 3273 133 £ 0.05 0.46 = 0.01 173 £ 05 346 +13 372 *6
236 (t5) 0.56 = 0.07 0.25 = 0.01 9.6 =06 252*01 2770 143 = 0.12 0.37 = 0.01 13.6 £ 0.3 29.7 + 1.8 316 =18
319 (t6) 0.27 = 0.05 0.15 = 0.00 61 +07 21.5*00 24921 0.65 = 0.03 0.21 = 0.01 10.7 £ 0.1  27.7 =24 268 * 61
692 (t7) 0.26 + 0.15 0.10 = 0.01 39+07 141*x14 1799  0.66 = 0.10 0.14 = 0.02 79 09 197 £ 08 240 = 15
978 (t8) 0.17 = 0.01 0.06 = 0.00 3802 85x05 15421 0.39 = 0.08 0.07 = 0.01 69 +03 136*12 2199
1946 (19)% ND§ 0.05 = 0.00 34 =01 ND ND ND 0.10 = 0.01 6.9 = 1.0 ND ND

T Values are averages of duplicate pots * standard deviations.

£ Moist soils of the 5- and 10-cm treatments sampled after the pot experiment had stopped (t8) were incubated in closed plastic bags in the dark at 20°C.
After 968 d of incubation, soil was sampled (t9) and the P concentration in 1:10 (w/v) 0.01 M CaCl, extracts and P,, were measured.

§ Not determined.
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60 . 05 -
FA
50 -
m
40 e
o
o - } -
E 30 % @ A Initiat soil | o ‘(A Initial soil
o ) o5cm jo5cm
Q =) o10cm | 02 o010 cm ‘
w 20 F = T
10 F [ 0.1
0 0.0 : '
6 o5 10 15 20 25 00 02 04 06 08 10
Pin 1:2 (wiv) water (mg P L) Pin 1:10 (w/v) 0.01 M CaCl, (mg P L")
05 B Fig. 4. Relationship for the soils of the 5- and 10-cm treatments be-
tween the P concentration in 1:10 (w/v) 0.01 M CaCl, extracts and
o, which was calculated as P, /(Al + Fe),, [with P, and (Al +
0.4 Fe),, in mmol kg ']. To guide the eye, a line, fitted to the data
using a double exponential curve, has been added.
03 experiment may be explained by (temporal) fluctuations
) of the Ca concentration.
° 4 Initial soil | Figure 4 shows the relationship between the P concen-
0.2 oScm | tration in the 1:10 (w/v) 0.01 M CaCl, extracts and a.
[@10cm | In this case, the salt level and Ca concentration is domi-
nated by the 0.01 M CaCl, solution and will thus be
0.1 identical for the soils of the 5- and 10-cm treatments.
The data points of the 5- and 10-cm treatments now
follow one curve. These are strong indications that the
0.0 total pool of sorbed P is close to equilibrium with. the fast
0.0 0.5 10 15 20 o5 reacting part and thus an apparent overall equilibrium
between P in soil solution and P sorbed to the solid
P in 1:2 (wiv) water (mg P L") phase of the bulk soil is obtained. Local disequilibrium
Fig. 3. Relationship for the soils of the 5- and 10-cm treatments be- in the rhizosphere, resulting from the sink effect induced
tween the P concentration in 1:2 (w/v) water extracts and (A) by plant roots (Hinsinger, 2001), would not be detected
phosphorus extractable with a filter paper strip impregnated with by our experimental setup, because we mixed the soil

iron oxide (FeO-P) and (B) o, which was calculated as P,/(Al +
Fe),, [with P, and (Al + Fe),, in mmol kg ']. To guide the eye,
lines, fitted to the data using an exponential curve, have been added.

sampled from the pots before analysis. Even at a dense
rooting, the volume of soil that is strongly depleted is
relatively small (Geelhoed et al., 1997). Depletion of

desorption of P decreases with an increase of the Ca dissolved P in the rhizosphere may have caused varia-
concentration in solution (Barrow and Shaw, 1979; tion in the amount of P sorbed to soil particles as a
Koopmans et al., 2001; Rietra et al., 2001). The differ- function of the distance to plant roots. Due to redistribu-
ence between the curves with FeO-P (Fig. 3A) and o tion of P from sorption sites high in P to sorption sites
(Fig. 3B) for the soils of the 5- and 10-cm treatments low in P during the extraction, the variation in the
may be due to differences in Ca concentration, which amount of sorbed P has been undone (Del Campillo et
affect the P concentration in the water extracts. The al., 1996). Based on the method of Houba et al. (1986),
irregular fluctuations in the decrease of the P concentra- the CaCl, extracts were shaken for 2 h. In principle, it
tion in the water extracts over the course of the pot is questionable whether the P concentration measured

Table 4. Elemental composition of 1:2 (w/v) water extracts. Results were obtained by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) analysis.

Treatment Time Al Ca Cu Fe K Mg Mn Na N-NH, N-NO; P S
d mmol L'

Initial soil 0 (t0) 0.04 0.81 0.0010 0.0048 0.25 0.31 0.023 0.36 0.13 1.759 0.11 0.19

5 cm 151 (t4) 0.05 3.00 0.0012 0.0040 0.12 0.45 0.084 0.14 0.11 0.003 0.04 3.69

5 cm 978 (t8) 0.04 1.11 0.0013 0.0049 0.06 0.25 0.029 0.07 0.06 0.031 0.06 1.25

10 cm 151 (14) 0.04 0.65 0.0014 0.0089 0.40 0.01 0.001 0.14 0.14 0.024 0.03 0.56

10 cm 978 (t8) 0.05 0.28 0.0010 0.0067 0.09 0.01 0.003 0.09 0.01 0.009 0.03 0.07
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in these extracts has reached equilibrium. Results pre-
sented by van Erp et al. (1998) showed that at an extrac-
tion time longer than 2 h, the P concentration measured
in 1:10 (w/v) 0.01 M CaCl, extracts did not increase
further, indicating that equilibrium had been reached. To
further test the hypothesis of an apparent overall equilib-
rium, we incubated moist soils of the 5- and 10-cm treat-
ments sampled after the pot experiment had stopped
(t8) in closed plastic bags in the dark at 20°C. Soil was
sampled after 968 d of incubation (t9). The P concentra-
tion in the CaCl, extracts obtained from these soils re-
mained relatively constant (t8 and t9 in Table 3). Thus,
during incubation, there was virtually no replenishment
of the reversibly adsorbed P pool by desorption of P
from the quasi-irreversibly bound P pool to counteract
the decrease of P in soil solution. This is another strong
indication that the total pool of sorbed P is indeed close
to equilibrium with P in soil solution in our pot experiment.

Phosphorus Desorption Isotherm

We derived a desorption isotherm that describes the
long-term equilibrium relationship between the P con-
centration in the CaCl, extracts and the total pool of P
sorbed to the solid phase of the soils of the 5- and 10-cm
treatments (Fig. 5). The major part of the measured
desorption is the result of P uptake by the grass over
the course of the pot experiment whereas the contribu-
tion of the amount of P desorbed in the CaCl, extracts
is relatively small. In laboratory experiments, it is diffi-
cult to determine such an isotherm, because of practical
problems associated with the use of different desorption
methods complicating these long-term desorption stud-
ies (van der Zee et al., 1987; Freese et al., 1995). In
deriving the desorption isotherm, we corrected the total
pool of sorbed P as measured by extraction with acid
ammonium oxalate for the amount of P in the CaCl,
extracts. The Langmuir equation gives a good descrip-
tion of the desorption isotherm. However, this fact may
not be used to interpret the sorption behavior on a

1000 -

T 800 -
4 i
o o
2 y = 951(16.4x )/(1+16.4x)
o 600 - R?,q= 90.0%**
B \ ey
2 | " Initial soil |
@ ’ % o5cm |
% 400 + \ |
= o10cm |
8
s
(o]
'_.

200 |

0 i
0.0 0.2 0.4 0.6 0.8 1.0

P in 1:10 (W/v) 0.01 M CaCl, (mg P L™)

Fig. 5. The desorption isotherm for the soils of the 5- and 10-cm
treatments describing the relationship between the P concentration
in 1:10 (w/v) 0.01 M CaCl, extracts and the total pool of sorbed P
(P, corrected for the amount of P in the CaCl, extracts). The
Langmuir equation was fitted to the data.

molecular scale. The exact mechanism is at this moment
not known. Furthermore, the apparent equilibrium of
the P desorption isotherm cannot be used to determine
whether desorption processes of P inside Al- and Fe-
(hydr)oxides have reached equilibrium. This requires a
dynamic modeling approach of the P desorption kinetics
inside aggregates of metal-(hydr)oxides. This will be
part of a future study. In noncalcareous sandy soils,
amorphous Al- and Fe-(hydr)oxides are the main reac-
tive solid phases (Beek, 1979). Therefore, normalization
of the total pool of sorbed P with respect to (Al + Fe),,
may give an isotherm, which is also of general use for
other noncalcareous sandy soils. In comparison with
Fig. 4, the data points in Fig. 5 show more variation
around the fitted curve. This may be due to small varia-
tion in the measured (Al + Fe),, contents (Table 1). The
shape of the isotherm is highly nonlinear. This nonlinear
shape results in a relatively fast decrease of the P con-
centration in soil solution in the initial stage of the pot
experiment, due to a relatively low buffering by the
solid phase in that part of the desorption isotherm
(Lookman et al., 1995). The buffering in the last stage
of the pot experiment is much stronger, and then pro-
longed cropping is needed to obtain a relatively small
decrease of the P concentration in soil solution. During
the first 319 d of continuous cropping, the P concentra-
tion in the CaCl, extracts of the soils of the 5- and 10-cm
treatments decreased by 82 and 74 %, respectively, but
in the following 659 d, it further decreased by only 10
and 17%, respectively. This effect is not only due to the
strong nonlinearity of the desorption isotherm, but also
to the decrease of plant uptake of P with time (Fig. 2
and Table 2). The latter is caused by the decrease of
the availability of P in soil for plant uptake with a low-
ering of the P content in soil. This is illustrated in Fig. 6:

8 r
i

i
§d
y =12.6x

R%,= 94.7%***

o5cm |
o10cm|

P content (g P kg of dry matter)
N

0.0 0.2 0.4 0.6 0.8 1.0
P in 1:10 (w/v) 0.01 M CaCl, (mg P L™

Fig. 6. Relationship for the soils of the 5- and 10-cm treatments be-
tween the average P concentration, calculated from the P concen-
tration measured in 1:10 (w/v) 0.01 M CaCl, extracts at two subse-
quent sampling points, and the P content of the grass harvested
since the previous sampling point. The filled symbols of the 5- and
10-cm treatments, representing the average P concentration in the
CaCl, extracts at t0 and t1 and the P content of the grass harvested
since t0, were not included in the linear regression analysis, because
these data points deviate significantly from the line.
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500 -

; 1:1 line
Q |
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o 400 © o>e
© o>nm
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2=
& 8300 | °
Q o
O ~ |
-% 2 o ioScm
g 06)200 L ° ‘010 cm
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=~ o
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0 ! L
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Measured cumulative plant uptake of P
(mg P kg™ of soil)
Fig. 7. Relationship between the measured and estimated cumulative
plant uptake of P. In the filled symbols of the 5- and 10-cm treat-

ments, representing the cumulative plant uptake of P at t8, P
measured in root residues was included.

for the soils of the 5- and 10-cm treatments, the P content
of the harvested grass shows a clear decrease with the
average P concentration calculated from the P concen-
tration measured in the CaCl, extracts of soils sampled
at two subsequent sampling points. As follows from
Fig. 5, a fast decrease of a high P concentration in soil
solution may be expected upon continuous cropping
without external P addition, whereas a lower P concen-
tration may persist and leach to ground water and sur-
face waters for a much longer time.

Maximum of the Desorption Isotherm

In Fig. 5, we used the Langmuir equation to describe
the desorption isotherm. The asymptote of the Lang-
muir equation at a high P concentration gives an esti-
mate of the maximum amount of P sorbed to the solid
phase of the soil used in our pot experiment, which may
be equated to F,,,. The estimated F,,,, was 951 £ 23 mg
Pkg ! (mean * standard error). We estimated the maxi-
mum saturation factor o, of the amorphous Al- and
Fe-(hydr)oxides with respect to P sorption by calculat-
ing the ratio between F,, and (Al + Fe), (both ex-
pressed in mmol kg !). For (Al + Fe),,, we used the
average (Al + Fe),, content of the initial soil and the
soils sampled during the pot experiment (Table 1). The
estimated o,y 1S 0.46, whereas the o of the initial soil
was 0.42. Thus, the Al- and Fe-(hydr)oxides of the initial
soil were almost completely saturated with P. Our esti-
mated value of oy, which was obtained from the de-
sorption isotherm, is in very good agreement with values
of a. reported in sorption studies of van der Zee et
al. (1988) and Freese et al. (1992), who found a,,,, values
of around 0.4. However, somewhat higher . values
of around 0.6 can also be found in literature (van der
Zee and van Riemsdijk, 1988; Maguire et al., 2001).

Plant Available Phosphorus Pool

The desorption isotherm (Fig. 5) can be used to esti-
mate the cumulative plant uptake of P. The P concentra-
tion measured in the CaCl, extracts (Table 3) was used
as an input variable in the equation given in Fig. 5 to
calculate the total pool of sorbed P. Subsequently, the
sum of the total pool of sorbed P and P in the CaCl,
extracts of the soils of the 5- and 10-cm treatments
at each sampling point was calculated. The cumulative
differences between these sums should correspond with
the cumulative plant uptake of P from these soils if
inorganic sorbed P is the main source of P for plant
growth. Figure 7 shows the relationship between the
measured and calculated cumulative plant uptake of P.
We obtained a good estimation of the measured cumula-
tive plant uptake of P, although the soils of the 5- and
10-cm treatments sampled at later stages of the pot
experiment, especially those at t8, clearly deviate from
the 1:1 line. This may have been due to the buildup of
a P pool contained in root residues in soil. Inclusion of
P in root residues, which was determined after the pot
experiment had stopped, in the measured cumulative
plant uptake of P causes a clear shift of the data points
of the soils of the 5- and 10-cm treatments sampled at
t8 toward the 1:1 line.

Eventually, continuous cropping without external P
addition may lead to a situation where the availability
of P in soil is too low for crop growth. Van Noordwijk
et al. (1990) reported a critical value of 0.03 mg P L™!
where plant uptake of P can just be maintained. Based
on the desorption isotherm of Fig. 5, the total pool of
sorbed P corresponding to a P concentration of 0.03 mg
P L~!in the CaCl, extracts, calculated from the Lang-
muir equation, is 314 mg kg~!. This suggests that plant
uptake can remove 582 mg P kg~! from soil in the long-
term, representing 65% of P, in the initial soil (Table 1).
Thus, P,, may be largely available for plant uptake in
the long-term. This is in agreement with results of Look-
man et al. (1995) and Guo and Yost (1999). In a long-
term desorption study of Lookman et al. (1995), where
P-enriched noncalcareous sandy soils were incubated
with a P sink consisting of a dialysis membrane tube
filled with hydrous Fe-(hydr)oxide for approximately
67 d, up to 70% of P, was desorbed. Based on their
model results of the long-term P desorption kinetics,
all P,, was practically desorbable over 100 to 400 d,
suggesting that irreversibly bound P was not present in
these soils. In a pot experiment of Guo and Yost (1999),
where maize and soybean [Glycine max (L.) Merr.] were
cropped without external P application, P,, was also
largely available for plant uptake.

Practical Implications

The relative decrease of the P concentration in the
CaCl, extracts was much larger than the relative de-
crease of P, after 978 d of continuous cropping under
greenhouse conditions. The P concentration in the CaCl,
extracts and P,, decreased by 93 and 48% in the soils
of the 5-cm treatment and by 91 and 32% in the soils
of the 10-cm treatment, respectively (Tables 1 and 3).
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This is due to the strong nonlinearity of the desorption
isotherm (Fig. 5). These results were achieved after 31
harvests, corresponding to approximately 6 yr of inten-
sive cropping in the field when assuming five harvests
per growing season. Based on the relatively large de-
crease of the P concentration in the 0.01 M CaCl, ex-
tracts used to simulate soil solution in our pot experi-
ment (McDowell and Sharpley, 2001), mining soil P can
be considered as an effective management strategy to
decrease the risk of P leaching from our P-enriched
soil on a relatively short-term basis. However, further
testing of mining soil P under practical field conditions
is necessary. Application of supplemental nutrients,
such as N and K, may be necessary to prevent limitation
of plant growth. In our pot experiment, the average N
recovery in the harvested grass was 69%. This is a com-
mon recovery for intensively managed grassland (Prins,
1980).

Grass harvested during mining soil P may serve as
feed for livestock. In our pot experiment, the P content
of the grass decreased with a lowering of the availability
of P for plant uptake (Fig. 6). In conventional agricul-
tural practice in the Netherlands, the P content of grass
is approximately 4 g kg~! dry matter (Agterberg and
Henkens, 1995). For an optimal nutritional value of
grass to serve as feed for high yielding dairy cows, it
should not contain less than 3 g P kg~! of dry matter if
grass is the only component of the diet (Valk et al.,
1999). However, the P content of the grass harvested
in the last stage of the pot experiment was far below
3 g kg~ ! of dry matter (Table 2), implying that the grass
would have too little nutritional value. Thus, additional
P supply will be needed if the harvested grass will be
used as the sole component of the diet for high yielding
dairy cows. Our results indicate that meeting 3 g P kg™!
in the dry matter requires a P concentration in a CaCl,
extract of 0.24 mg L™! (calculated from the equation
given in Fig. 6). This P concentration is 71% lower than
the initial P concentration (Table 3). From the Langmuir
equation given in Fig. 5, it can be calculated that a P
concentration of 0.24 mg P L™! in a CaCl, extract can
already be reached when only 15% of P, in the initial
soil has been mined (Table 1).

In the Netherlands, P,, and P,; are used in agricultural
practice as soil tests for P fertilizer recommendation
systems of arable land and grassland, respectively. In
the soils of the 5- and 10-cm treatments, P, decreased
by 85 and 73% whereas P, decreased by 61 and 45%,
respectively (Table 3). Due to the dilution effect of the
relatively wide soil to solution ratio of P, (1:60 [v/v]),
P extracted with P, can be interpreted as the sum of P
in soil solution and part of the reversibly adsorbed P,
whereas P, represents both reversibly adsorbed P and
a large part of P bound inside Al- and Fe-(hydr)oxides
(Schoumans and Groenendijk, 2000). Therefore, from
the strong nonlinearity of the desorption isotherm
(Fig. 5), it can be understood why the relative decrease
of P, was larger than the relative decrease of P,;. Our
results also explain why in a long-term field experiment
of McCollum (1991) and those summarized by Sharpley
(2000), the decrease of soil extractable P with continu-

ous cropping after P application had stopped was rela-
tively small. In these studies, relatively strong extraction
methods, indicative of P sorbed to the solid phase rather
than P in soil solution, were used. Thus, the result of
evaluating the effectiveness of mining soil P as a possible
management strategy strongly depends upon the P pool
taken into consideration. In the soils of the 5- and 10-cm
treatments sampled at t8, P, was 154 and 219 mg P
kg !, respectively (Table 3). These P, values are consid-
ered as medium/optimal and high, respectively (Tunney
etal., 1997). At this level, little or no additional fertiliza-
tion is needed in practice to reach a P content in the
harvested grass of about 3.5 t0 4.0 g P kg ™! of dry matter.
This evaluation is in marked contrast with the low to
very low P contents of the grass as found in our pot
experiment (Table 2). Evidently, the results of this study
cannot be directly transferred to practice, especially be-
cause the thickness of the soil layers was restricted in
our pot experiment. In a homogenized soil layer under
field conditions thicker than 5 or 10 cm, the plant roots
would have access to more available P at a given P
content. In our incubation experiment, which was dis-
cussed before, the P, was measured. The P, did not
change as a result of incubation of moist soil sampled
at the end of the pot experiment (t8 and t9 in Table 3).
This supports the hypothesis that the total pool of
sorbed P was indeed close to equilibrium with P in soil
solution. Therefore, after stopping mining soil P, in case
the soil is kept fallow or when there is virtually no plant
growth (e.g., winter), the P concentration in soil solution
may be expected to remain relatively constant.

CONCLUSIONS

¢ In our pot experiment, performed over a relatively
long time (978 d), an apparent overall equilibrium
between P in soil solution and the total pool of P
sorbed to the solid phase was obtained. A desorp-
tion isotherm was derived, describing the relation-
ship between the P concentration in 1:10 (w/v) 0.01
M Ca(l, extracts and the total pool of sorbed P,
which was measured with the acid ammonium oxa-
late extraction method and corrected for the amount
of P desorbed in the CaCl, extracts.

e The Langmuir equation gave a good description of
the desorption isotherm and could be used very
well to calculate the measured cumulative plant
uptake of P from soil.

e The maximum saturation factor a,,, of the amor-
phous Al- and Fe-(hydr)oxides in the initial soil
with respect to P sorption, obtained from the de-
sorption isotherm, was 0.46, which is in good agree-
ment with a,,, values reported in sorption studies
of van der Zee et al. (1988) and Freese et al. (1992).

e Based on the desorption isotherm and a critical P
concentration in soil solution where plant uptake
of P can just be maintained, it was calculated that
in the long-term 65% of P, in the initial soil may
be removed by plant uptake.

e Continuous cropping of grass without external P
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addition under greenhouse conditions caused a fast
and relatively large decrease of the P concentration
in soil solution. Thus, mining soil P, as proposed
by van der Zee et al. (1992) and Chardon et al.
(1996b), may be an effective management strategy to
decrease the risk of P leaching from our P-enriched
soil. This result should be tested further under prac-
tical field conditions.

e Measuring the P concentration in a solution stan-
dardized with respect to the CaCl, concentration
leads to results that are easier to interpret in this
pot experiment, where results of the 5-cm treatment
were compared with those of the 10-cm treatment,
than using 1:2 (w/v) water extracts.
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