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RESUMEN

Formas y absorcion de P en plantas
creciendo intensivamente en invernadero. La
concentracion del P disponible es una funcion del
equilibrio existente entre las diferentes formas y
reacciones del elemento en el suelo. El objetivo
de este estudio fue examinar los cambios en las
formas de P y la absorcion bajo condiciones de
extraccion intensiva en suelos dedicados a dife-
rente uso agrondmico. Con el fin de establecer
un experimento bajo condiciones de inverna-
dero, se tomaron muestras representativas de 0
a 20 cm de un Typic Hapludands, separadas y
provenientes de 3 campos adyacentes entre si.
Un campo estuvo dedicado al cultivo del café
(Coffea arabica var Catuai), otro a caha de
azlcar (Saccharum spp. var 611721) y el tercero
con bosque secundario. Sorgo (Sorghum bicolor
var Glazer 41) fue sembrado en macetas de 1
litro y cosechado 4 veces en forma consecutiva.
Los tratamientos fueron sin P y con P (100 mg
kg!) para cada uno de los 3 diferentes suelos. Se
determind peso seco de raices y parte aérea, asi
como absorcion de P. Se tomaron muestras de
suelo de las macetas antes y después de cada uno
de los 4 ciclos de crecimiento y se analizaron de
acuerdo a la metodologia de fraccionamiento de
P de Hedley et al. (1982). Se determind Pi-labil,
Pi-NaOH, Pi-HCI, Po-organico extraible y P-
residual. La aplicacion de P aument6 el Pi-1abil,

1/ Parte de la tesis de Ph.D. del primer autor presenta-
da en Iowa State University. Investigacion financia-
da con fondos del INPOFOS.

2/ Autor para correspondencia. Correo electronico:
carlosh@cariari.ucr.ac.cr

Aceptado: 11/07/05

ABSTRACT

The concentration of available soil (P) is
a function of the equilibrium established among
different soil P forms through numerous and
different reactions in soil. The objective of this
study was to examine the changes in P forms and
P supply under exhaustive extraction conditions
in soils from 3 different land use areas. In order to
establish a greenhouse experiment, representative
soil samples (0-20 cm) were taken from three
fields located adjacent to one another, in a Typic
Hapludands in Costa Rica. One field was a
coffee plantation (Coffea arabica var Catuai),
the second a sugar cane plantation (Saccharum
spp. var 611721), and the third a secondary
forest. Sorghum (Sorghum bicolor var Glazer
41) was planted in I-liter pots and harvested
4 times consecutively. Treatments were no P
and P application (100 mg kg') for each of the
different land-use soil samples. Shoot and root
dry matter and total P uptake were determined.
Soil samples were taken before and after each of
the 4 plant growth cycles and analyzed using a
modified Hedley et al. (1982) soil P fractionation
methodology. Labile-Pi, NaOH-Pi, HCI-Pi,
extractable-Po, and residual-P were determined.
Applied P increased labile-Pi, NaOH-Pi and
HCI-Pi. Statistical changes were not observed
in extractable organic P and residual-P due to P
application. The NaOH-Pi and HCI-Pi seemed to
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Pi-NaOH y Pi-HCI. No se observaron cambios en
el Po-organico extraible y el P-residual debido a
la aplicacion de P. El Pi-NaOH y el Pi-HCI pare-
cieron actuar como un reservorio temporal del
P aplicado. En el tiempo se observd una posible
participacion del P-residual en la recuperacion del
Pi-labil y del Pi-NaOH. La cantidad de P absorbi-
da estuvo cercanamente relacionada a la cantidad
inicial del Pi-1abil y fue mas alto en el suelo del
café que del bosque y la caha de azcar. Durante
el experimento se observaron cambios rapidos en
las formas reversiblemente disponibles como el
Pi-NaOH vy el Pi-HCI. Los resultados sugieren la
ocurrencia de cambios rapidos y dindmicos entre
las formas disponibles y no disponibles de P en el
suelo, en respuesta a la aplicacion de fertilizante y
absorcion por parte de la planta, apoyando la idea
de una interaccidn dindmica, o continuum, entre
las formas de P.

INTRODUCTION

Labile phosphorus (labile-P) is thought to
be the form readily available form to plants and
soil microorganisms and is composed basically of
various pH-dependent orthophosphate ions; which
are related through different types of interactions
with both the soil solution and solid phase
(Mattingly 1974, Morel et al. 2000). Because
soil inorganic labile P (labile-Pi) and crystalline
P reaction products coexist in soils, they are
affected by chemisorption, ligand exchange,
physical adsorption, surface precipitation and
precipitation of separate solid phase; it is thought
the opposite reactions occurs in soils as well
(Sample et al. 1980). Hence, this so called soil
labile P consist of P in both intensity and quantity
factors simultaneously (Olsen and Khasawneh
1980). The amount of P present in the soil solution
and other readily available P is a small fraction of
plant needs. It is thought that the remainder of
the amount required by plants must be obtained
from the solid phase by a combination of abiotic
and biotic processes (Frossard et al. 2000). The
sources that supply labile-P come mainly from
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act as a temporary pool of applied P. The possible
participation of residual-P in replenishment of
labile-P and NaOH-Pi was observed. The amount
of plant P uptake was closely related to the initial
amount of labile-Pi and was higher in coffee
than in forest and sugar cane soils. The labile-P
was depleted by plant uptake. Rapid changes in
reversibly available soil P forms (NaOH-Pi and
HCI-Pi) were observed during the experiment.
Our results suggest the occurrence of very rapid
and dynamic changes between available and
unavailable soil P forms in response to fertilizer
application and plant uptake, supporting the idea
of a continuum among the P forms.

the replenishment of both organic and inorganic P
compounds or from other out of soil sources such
as fertilizer application and organic residues.

Several authors have attempted to explain
the labile-P content and corresponding P supply to
plants through the process of compartmentalizing
soil P in different forms with variable availability
to plants in amount and time (Chang and Jackson
1957, Hedley et al. 1982, Guo and Yost 1998).
There is evidence that plant uptake produces
an unbalanced state in soil solution, depleting
P from the surrounded root zone and inducing
the forced replenishment from other P sources
in the soil. The reactions related to these soil P
transformations can vary depending on soil type,
climatic conditions and management practices
(Zhang and MacKenzie 1997).

However, this perspective of
compartmentalizing soil P has been criticized
by several researchers (Olsen and Khasawneh
1980, Frossard et al. 2000). Frossard et al. (2000)
mention that it is not reasonable to consider soil P
as existing in discrete pools containing available
and unavailable forms of P. The kinetic approach
states the existence of a continuum between



HENRIQUEZ AND KILLORN: Soil P forms and P uptake 85

forms of Pi that are immediately available and
that are very slowly exchangeable. Despite this
point of view it is possible to idealize soil P
forms or compartments in a temporal state. The
important issue here is to try to determine under
what conditions it is likely that the unavailable
soil P forms become available rapidly enough to
avoid P stress in plants.

Buehler et al. (2002), summarizing the
results from various experiments, pointed out
that in tropical soils, the amounts of P in the
different forms and the fluxes of P between forms
are controlled by both physical-chemical factors
(mainly sorption-desorption) and by biological
reactions (immobilization and mineralization).
These reactions could act rapidly enough to meet
plant demands over time supporting the idea of a
continuum among the unavailable and available
P forms. Under intensive growth conditions is
possible to simulate strong and rapid changes
in soil P forms and measure the crop response
to these changes (Wagar et al. 1986, Hedley et
al. 1994). The sequential soil P fractionation
procedure has proven to be useful for measuring
small changes in soil P that occur during short-
term experiments (Headley ef al. 1982, Hedley et
al. 1994, Buehler et al. 2002).

Anionic  exchangeable membrane-P
(AEM-P) is considered the freely exchangeable
P and it is thought to represent P in the soil
solution (Tiessen and Moire 1993). Inorganic P
extracted by bicarbonate (NaHCO;-Pi) is loosely
adsorbed to the surfaces of clays, sesquioxides
and carbonates. The HCO, ion competes with Pi
for sorption sites and also extracts the most labile
forms of organic P (Po). This extraction jointly
with AEM is considered to be labile inorganic P
(labile-Pi) (Magid 1993). Because AEM-P and
NaHCO,-Pi are labile and recognized as the most
available for plant growth, it is expected that they
should reflect short-term seasonal changes in
plant available Pi (Hedley et al. 1982).

Other soil P forms seem to be closely
related to reactions with labile-Pi. These other
forms, classified as reversibly available P (Fe
and Al phosphates, Ca phosphates, organic
forms) and sparingly available P (residual P,

more stable organic forms, occluded P), are
thought to participate in the replenishment of
labile-Pi (Guo and Yost 1998). In fertilized
systems the NaOH inorganic P (NaOH-Pi) acts
as a sink of fertilizer P and also as a source
of P to labile-Pi (Beck and Sanchez 1994).
Ca phosphates extracted by HCl (HCI-Pi) are
thought to be available in the short term as well
(Sui et al. 1999). Organic P is an important
source of P in non-fertilized systems (Sharpley
1985, Beck and Sanchez 1995). Sharpley (1985)
found that most labile-Po was maintained at a
constant level possibly by mineralization and
formation from moderately labile organic P.
Both forms are called extractable-Po.

Few studies have been carried out about
the importance of soil P forms related to P
transformations under different land use systems
and still remains largely unstudied in andisols
of the tropics (Soto 1998). The objective of this
research was to examine the changes of soil P
forms and evaluate their plant availability under
exhaustive extraction conditions in andisols from
different land uses in Costa Rica.

MATERIALS AND METHODS
Site description and soil sampling

A greenhouse experiment was conducted
to evaluate the effect of different land-use systems
and their related crop and soil management
practices on soil P forms and proportions. Three
separate samples of approximately 50 kg of soil
were taken from 3 different but adjacent land-
use areas. One area has been a coffee plantation
(Coffea arabica var Catuai), another a sugar cane
plantation (Saccharum spp. var 611721), and the
third a secondary forest for more than 25 years.
The field was located in Juan Vinas, Costa Rica
(9°55°N and 83°44’W). The soil was a sandy
loam to loam well drained Typic Hapludands
derived from andesitic volcanic ashes (USDA
1994, Bertsch et al. 2000). Samples were taken
from the top 20 cm and were a composite of 20
subsamples collected randomly at different points
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from each of the fields. Soils samples were air
dried and sieved to pass a 2mm screen.

Greenhouse experiment and treatments

Two treatments, no P and 100 mg P liter!
(—P and +P treatments respectively) were applied.
Five separate subsamples of 1 liter from each
type of land use were placed in plastic bags. The
+P treatments were applied to the soil, mixed,
and incubated for 2 weeks. Five other subsamples
received no P but the same amount of water
as the +P treatments and were also incubated.
After incubation the soil was placed into 1 liter
plastic pots. The experiment was arranged in
a randomized complete block design (RCBD)
with 5 replications. Pots were placed on hollow
wooden pans located over plastic containers
filled with water in order to maintain constant
soil moisture content. The water was supplied
through capillarity by a filter going through the
wooden pan and entering the soil via a hollow
in the center of each pot. The entire experiment
received base fertilization of nitrogen (50 mg 1!
with NH,NO,) and potassium (78 mg I'! with
KCl) which was repeated at the beginning of each
of the 4 growth cycles.

In order to measure the P uptake and
plant response, sorghum (Sorghum bicolor var
Glazer 41) was grown. Fourteen seeds of sorghum
were sowed. After emergence the plants were
thinned to 7 plants per pot. After 30 days the
entire plants were taken out of the pots, washed,
divided into shoot and root, and oven dried at
60 °C. Dry matter productin was determined,
0.5 g of dry and ground tissue was digested by
a wet nitric-perchloric acid digestion (5:1 nitric
acid and perchloric acid). P was determined
by colorimetric absorption spectrophotomery.
P uptake was calculated from the weight of dry
matter and the tissue P content.

The soil was transferred again to pots and
the process repeated a total of 4 times. At the
beginning of the experiment and at each harvest
time 3 g of soil were taken for soil P fractionation
analysis.
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Soil analysis

Selected chemical properties related to
soil fertility were determined according to the
methodology of Diaz-Romeu and Hunter (1978).
Ca and Mg were extracted with 1M KCIl and
available P and K were determined by a 0.5M
NaHCO, extraction (1:10 soil:solution). Ca, Mg,
and K were determined by atomic absorption
spectrophotometry and P by colorimetric
absorption spectrophotometry. Acidity was
extracted with 1M KCI and pH was determined
in water (1:2.5 soil:solution). Organic matter
was determined by Walkley and Black (1938)
methodology.

Soil P fractionation methodology

Soil P fractionation methodologies are
selective dissolution techniques that use the
sequential application of a series of solutions to the
soil in order to extract different soil P compounds.
It is thought that these soil P compounds are
related to different soil P forms and therefore
could have variable availability to plants (labile
P, Fe and Al phosphates, Ca phosphates, occluded
P, organic P, etc.). Dried, ground, and sieved
(<100 mesh) soil samples were analyzed by a
modified version of the Hedley ez al. (1982) soil
P fractionation methodology. The P contained in
aggregates and microbial biomass (sonification
and chloroform steps) was determined. The
methodology makes use of different steps of
extraction (water+anion exchange membrane
(AEM), 0.5M NaHCO,, 0.IM NaOH, and 1M
HCI) and digestion (a mixture of concentrated
H,SO, and H,O,) applied in sequence to a
single soil sample (Fixen and Grove 1990). 0.5
g of soil was weighed into 50 ml screw-cap
centrifuge tube and analyzed by the sequential
scheme with periods of 16 hours of shaking and
2 to 8 hours of digestion. Constant volumes of
50 ml of solution (1:100 soil:solution) were used
during the extraction step. The AEM holds the
extracted P in a reversible bond allowing P to
be recovered from the membrane by extraction
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using 0.5M HCI. AEM-P is soluble P. The 0.5M
NaHCO, extracts another portion of labile P
fraction. Because both forms are thought to be
readily available P they were summed and called
labile-Pi. The 0.1M NaOH is supposed to extract
both Al and Fe phosphates, with variable binding
energy. Separate portions of NaHCO, and NaOH
extracts were digested. P in the digest is a
combination of inorganic P (Pi) and extractable
organic P (Po). The difference between the
amount of P in the NaHCO, and NaOH extracts
and the P in the digest is an estimate of the
extractable Po. The sum of these determinations
was called extractable-Po. The 1M HCI extracts
the Ca phosphates of different nature and source
in soil (apatites, monocalcium, dicalcium and
other phosphates etc.). The remaining soil was
digested with concentrated H,SO, and H,O, for 8
hours. The P determined after this digestion was
called residual-P and corresponds to a mixture
of occluded P, Ca phosphates, and according
to Tiessen and Moire (1993) a portion of non
extractable organic P as well. An additional
sulfuric-peroxide digestion was performed on
separate soil samples in order to determine
total P which, when compared to the sum of
P in the various fractions allowed calculation
of P recovery. Recovery values varied from
105% to 109%. During the entire process the
P was determined by the molybdate-ascorbic
acid procedure of Murphy and Riley (1962)
and determined by colorimetric absorption
spectrophotomery.
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Data analysis

Data were analyzed using an analysis of
variance (ANOVA) (SAS Intitute 1996). The
experiment was analyzed as factorial (3 soils
x 2 treatments). Correlation coefficients were
determined among the variables. Separation of
means was performed using least squared mean
contrasts. Regression analyses were also carried
out on the data.

RESULTS AND DISCUSSION

Selected chemical properties are presented
in table 1. The different soil and crop management
practices along with the specific crop nutrient
requirements produced 3 soils that varied in their
fertility properties. Comparing the soil analysis
with the critical levels established by Diaz-Romeu
and Hunter (1978), the sugar cane soil was low
in cations and consequently low effective cation
exchange capacity that was reflected in low fertility
as well. This was related to uptake by crops and
low application rates of fertilizer and lime. As
will discuss below, this impacted the P uptake by
plants in this particular soil. The coffee soil had
better soil fertility characteristics due possibly to
a more intensive fertilizer and lime application
program compared to the sugar cane soil (Bertsch
et al. 2002). The soil from the forest had values
more similar to the coffee soil than sugar cane soil
except for available P.

Table 1.  Selected soil chemical properties in samples from 3 different land use areas used in the greenhouse experiment.
Areas P pH H,0 Ca Mg K Acidity O.M.
mg kg! cmol(+) kg™! g kg!
Sugar cane 7.0 52 1.46 0.39 0.24 0.15 124
Coffee 7.6 54 6.80 1.15 0.26 0.20 132
Forest 59 53 6.40 1.97 0.27 0.17 141
Critical level 10 5.5 4 1 0.20 <0.5 -
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Characterization of soil P forms and their
variation in time

In the first sampling the labile-Pi was 7 mg
P kg'! in sugar cane soil, 17 mg P kg™ in coffee
soil, and 15 mg P kg™ in forest soil. This was
different than the available P (extracted by the
routine method with NaHCO, and presented in
table 1). The labile-Pi values were significantly
different (p >F < 0.01). The NaOH-Pi was 151,
278, and 199 mg P kg'!' in the same order and
probability than labile-Pi (both set of data not
shown). The higher values of these 2 soil P
forms observed in the coffee soil were related
to the higher fertilization this crop received
during the years as compared with sugar cane
plantation (Beauchemin and Simmard 2000,
Zheng et al. 2002). Sugar cane had lower
values compared to forest. Because of variations
inherent in the fractionation methodology, that
were reported also by Paniagua et al. (1995), the
soil P forms changes in time will be discussed
below as percentages instead of absolute values
(Tables 2 and 3).

The application of P rapidly increased
the readily (labile-Pi) and reversibly (NaOH-Pi
and HCI-Pi) available soil P forms (Table 2 and
Figure 1). This increase was observed even in the
first sampling; which was made 15 days after P
application. The trend was obvious during the
entire 164 days of the experiment. This finding
suggests that those 3 soil P forms represent most
of the exchangeable P and that they are affected
by P fertilization in the short term. NaOH-Pi and

[N
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HCI-Pi seem to act as a sink for applied P (Zheng
et al. 2002).

Sharpley (1985) and Neufeldt (2000)
reported that although no consistent seasonal
variation in inorganic P content was observed,
increases were measured in available P forms
after fertilizer P addition. According to Wagar
et al. (1986) and Buehler er al. (2002), resin-P,
NaHCO;-Pi, and NaOH-Pi increased with P
fertilization (the first 2 are called labile-Pi in
this research). The greatest increase was found
in NaOH-Pi (Buehler et al. 2002). Important
amounts of active Fe and Al in andisols are
related to intensive chemisorption reactions with
applied P although exchangeable Ca could be also
involved (Sanchez and Uehara 1980, Parfit 1989,
Molina et al. 1991).

The fact that an important proportion of
the applied P rapidly becomes part of NaOH-Pi
and HCI-Pi is important for defining those forms
as sinks of applied P in a relatively short time
(Beck and Sanchez 1994). Whether these forms
participate in supplying P to replenish depleted
labile-Pi is another important issue.

The sparingly available P forms
(extractable-Po and residual-P) did not change
when P was applied even though, as will be
discussed below, both P forms seem to participate
in the replenishment of labile-Pi (Table 3 and
Figure 1). Surface associated or poorly crystalline
clay bound Pi replenishes labile-Pi while more
stable crystalline species act as a sink as well
as long term reservoir of P (Tiessen et al. 1984).
This result has been reported by various authors
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who refer to these soil P forms as stable and not
modified by fertilizer application (Sharpley 1985,
Reddy et al. 1999, Neufeldt er al. 2000).

A particular and unique increase occurred
in labile-Pi at the second sampling time just after
the first harvest (Figure 1 and 2). The increase
was also observed in the NaOH-Pi form. It is
thought that the optimal moisture in pots favored
both physical-chemical reactions and biological
processes that promoted the release of P from
other forms and consequently increased these
fractions. This increase was observed in both
readily and reversible available P forms that are
shown in figures 1 and 2.

The increase in labile-Pi and NaOH-Pi at
the second sampling time was accompanied by
a slightly decrease in residual P in coffee and

forest soils but it was most evident in the sugar
cane soil (Figure 2). Buehler er al. (2002) found
that the organic and recalcitrant inorganic forms
contained almost no exchangeable P although
it is possible to involve those P forms in the
replenishment of the labile-Pi and the other
reversible available P (Guo and Yost 1998).
Following the increase discussed above, labile-
Pi decreased at a steady rate until the end of the
study (Figure 2). After the 5 samplings the initial
level of labile-P was not reached again, maybe
due to high plant uptake.

General trends of the soil P forms are
presented in figure 3. An increase in labile-
Pi was accompanied by a proportional and
significant increase in NaOH-Pi in the 3 soils.
Similar results are reported by Dobermann et
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Fig. 3.

General trends of soil P forms in soils from 3 different land use areas in a Typic Hapludands.
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al. (2002). This supports the observation that
both P fractions seem to be related through
desorption/adsorption processes.

A negative relationship between labile-Pi
and residual-P was observed in the sugar cane soil.
The negative slope of the residual-P line suggests
a possible replenishment relationship. The soil
from the forest had a small and non significant
decrease in extractable-Po in response to the
increase in labile-Pi (Figure 3). This suggests the
participation of this fraction in the replenishment
of readily and reversibly available P that has
been reported by other authors in unfertilized
systems (Beck and Sanchez 1994). Buehler et al.
(2002) using 33P found that in soils with low or
no P fertilization more than 14% of this P was
recovered in NaOH-Po and HCI-Po (this last
form was not determined in this study), showing
that organic P dynamics are important when soil
Pi reserves are limited. Paniagua et al. (1995)
found that the immobilization and mineralization
of Po is strongly controlled by the supply of P
and depends on inorganic fertilization; they also
suggest that organic additions without synthetic

4 -
y=1.47x-0.53
< Rz:D-Bg ek

P uptake (mg kg™)
L\¢]

fertilizers may decrease soil organic P. Linquist
et al. (1997) found that in the zero applied
P treatment, NaHCO,-Po was correlated with
labile-Pi, soybean dry matter, yield, and P uptake,
suggesting that mineralized Po is an important
source of plant P in unfertilized systems. This
result is supported by the studies of Beck and
Sanchez (1994) and suggests that in unfertilized
cropping systems, Po mineralization may be a
major source of plant P.

Plant P uptake and relation with soil P forms

The results presented in table 4 and figure
4 suggest a significant relationship between total
dry matter (g pot!) and plant P uptake (mg P kg™).
Therefore, and based on the assumption that under
the conditions of this study both variables act the
same, P uptake will be used in discussing plant
response variables and assumptions will make for
both variables as sharing the same behavior.

The amount of P uptake by plants was
strongly dependent on the amount of labile-Pi in
the soil. This result agrees with data reported by

2 3

Total Dry Matter (g)

Fig. 4.
3 land use areas.
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Linquist et al. (1997) and Guo et al. (2000). Strong
differences in this variable could be seen in sugar
cane soil compared to the coffee and forest soils.
The highest P uptake was measured for plants in
the coffee and forest soils. P uptake by plants in the
sugar cane soil was low and followed a different
pattern over time (Figure 5 and Table 4).

Plant P uptake response to applied P was
statistically different among the 3 soils (Figure
6). The total amounts of applied P absorbed by
plants were 35%, 30%, and 127% of the total in
sugar cane, coffee and forest soils, respectively.
The low recovery observed in the sugar cane soil
was related to poor plant growth due something
other than P availability and consequently poor
P absorption even though the supply of P was
adequate (100 mg P kg'). It is likely that the
general low fertility observed in this soil had
more effect on plant growth than the application
of P itself. Ca and Mg contents for instance, were
visibly lower in this soil as compared with the
other 2 soils (Table 1).

The response to P by plants growing in
the forest soil was probably due to the favorable
physical and chemical characteristics of this soil
that when P was applied promoted good plant
growth. This is supported by the trend in dry
matter accumulation by plants growing in coffee
and forest soils which were different from the
trend observed in plants growing in the sugar
cane soil (Figure 7). The rate of response in
figure 7 agrees with the observed in figure 6. It is
possible to relate the behavior of total dry matter
accumulation in plants in coffee and forest soils
with the changes in labile-Pi over the time of
the study (comparing Figures 2 and 6). This is
an evidence of the strong relationship between
labile-P and plant response reported by other
authors as well (Hedley et al. 1994, Morel et al.
2000, Guo et al. 2000).

CONCLUSION

P fertilization impacted labile-Pi, NaOH-
Pi, and HCI-Pi supporting the readily and
reversible available nature of these soil P forms
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Fig. 5. Accumulated P uptake by sorghum (Sorghum
bicolor) during 4 sampling times in soils from a
Typic Hapludands under 3 different land uses.
1,8 4
a

154 [BWinP a
~ OMNoP ]
2
oh 1,2 4 b
g
% 0,9 -
g, c
= c
A 0,6
3 ca
S
F 03]

0
Sugar cane Coffee Forest
Management Areas

Fig. 6. P uptake response by sorghum (Sorghum bicolor)

to P application in soils from 3 land use areas in a
Typic Hapludands.

that occured during the 120 days, of the study.
NaOH-Pi and HCI-Pi seem to act as sinks of
applied P when the labile-Pi is not able to keep
high amounts of applied P. Residual-P could
participate in replenishment of depleted available
P forms under certain conditions, i.e. low amounts
of labile-Pi even though the rate or replenishment
may not meet the plant requirements over time.
Plant P uptake was related to the amount of
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different land use areas in a Typic Hapludands.

available labile-Pi. The initial P desorbed was
related to labile-Pi. The forest soil had the higher
rate of P desorption as compared with coffee and
sugar cane soils even though this was defined
under specific time conditions imposed by the
methodology.
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