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ABSTRACT

This  paper reviews the literature related to total and
organic P (Po) levels present in both agricultural and
forest soils from southern Chile. Different reports have
demonstrated the high contents of total P (Pt) found in
agricultural soils (1,000-3,000 mg kg-1) even in unfer-
tilized soils. In most soils Po represents more than 50%
of Pt, mainly as inositol penta- and hexaphosphates
linked to Fe and/or Al. Lipid-P has been found in very
small quantities suggesting very fast cycling. When
phosphate fertilizers are applied to these soils, the bulk
of P is accumulated as macromolecular-P complexes
closely associated with soil organic matter. Close rela-
tionships have been found between organic C and Po
and between Po and P associated with humic acids (HA-
P). When applying Hedley’s chemical fractionation pro-
cedure to these soils some significant P fractions or pools
of high lability are obtained suggesting a potential plant
availability of some forms of accumulated P, which can
be manipulated by agricultural management. On the
other hand, Pt in forest soils has been found in smaller
quantities than in agricultural soils but Po also repre-
sents more than 50% of total P. The higher levels of la-
bile P found in forest soils in comparison to agricul-
tural ones together to higher C/Po ratios are suggesting
a faster P cycling in forest ecosystems.

KEYWORDS: Agricultural and forest soils, organic phos-
phorus, P availability, total phosphorus, volcanic soils.

RESUMEN

Se realizó una revisión de la literatura relacionada con
los niveles de P encontrados en suelos agrícolas y
forestales del sur de Chile. Diferentes reportes señalan
el alto contenido de P total (Pt) en suelos agrícolas
(1.000-3.000 mg kg-1) incluyendo suelos no fertilizados.
En la mayor parte de los suelos el P orgánico (Po)
constituye más del 50%, asociado muy íntimamente a
la materia orgánica, principalmente a ácidos húmicos.
Los inositol penta- y hexafosfatos asociados a Fe y Al
constituyen la mayor parte de este tipo de P. El P lipídico
constituye tan sólo pequeñas cantidades sugiriendo una
rápido ciclado. La acumulación del P en los suelos
producto de la fertilización se produce mayoritariamente
a través de la formación de complejos macromoleculares
con la materia orgánica. Cuando se aplica a estos suelos
el fraccionamiento químico de Hedley se encuentran
fracciones de diferente labilidad, lo que sugiere que un
adecuado manejo de estos suelos puede inducir a un
aumento en la disponibilidad de P. Los suelos forestales,
en cambio, poseen menor cantidad de P aunque el Po
también supera el 50% del Pt. Los mayores  contenidos
de formas lábiles de este elemento y una relación C/Po
mayor señalan un ciclado más rápido del P en estos
ecosistemas boscosos.

PALABRAS CLAVES: Disponibilidad de P, fósforo orgánico,
fósforo total, suelos volcánicos.

INTRODUCTION

Volcanic ash-derived soils have great importance
in the economies of many countries especially in
Asia, Africa and America. In Chile, volcanic soils
support the bulk of agricultural and forestry pro-
duction, covering more than 5.3x106 hectares and
representing  nearly 50-60% of the country’s ar-
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able land (Besoaín 1985). The two main orders found
in the south of the country are Andisols and Ultisols.
In spite of many advantageous edaphic and climatic
characteristics, these soils have other properties which
can constraint plant growth. These include high P-
adsorption capacity with a concomitant low P avail-
ability, high levels of soil organic matter (SOM) with
a variable degree of humification and, sometimes, high
acidity levels with the appearance of Al, Mn and H+

phytotoxicities (Borie & Rubio 1999).
The clay fraction of volcanic soils contains large

amounts of allophane, an amorphous aluminum sili-
cate, together with allophane-like secondary miner-
als, and Fe and Al oxides. The dominance of actino-
mycetes and fungi (Zunino et al. 1982a) in the micro-
bial communities of volcanic soils tends to make them
highly reactive. These characteristics and interactions
create a highly reactive soil environment, especially
in relation to P adsorption. This is reflected in the
following biological properties of these  soils, which
can help to understand the complexity of overall P-
cycle in  such habitats: (a) strong stabilization of  in-
digenous organic matter and organic compounds when
they are added to the soils (Zunino et al. 1982b); (b)
high rates of microbial synthesis of  humic- type mac-
romolecules (Zunino et al. 1982c) and (c) high enzy-
matic activities including urease (Borie & Fuentealba
1982), phenoloxidase (Peirano et al. 1992), and acid
phosphatase (Borie et al. 1996).

In general, when P is applied to soils, often as
much as 90% is not taken up by crops in the first year,
being retained by soil colloidal surfaces in insoluble
or fixed forms (Stevenson & Cole 1999). A portion of
the residual P may be acquired and used by subse-

quent crops, but further additions of fertilizers are often
required to maintain high crop yields and farmers are
compelled to apply yearly high doses of phosphate.
Continuous applications of P in amounts exceeding
crop acquisition will inevitably result in an accumu-
lation of P in the soil. Therefore, P content of almost
cultivated and fertilized soils increases over the years
and the extent of such accumulation will depend on
the fertilizer application rate, years of application, the
adsorptive capacity of soil matrix surfaces as well as
on the microbial activity, especially microorganisms
involved in  P cycling.

 In this context, fixation of phosphate in allo-
phanic soils is perhaps one of the major factors limit-
ing their agronomic use. The mechanisms involved in
such fixation processes have been widely investigated
using short-term equilibrium procedures. The conclu-
sion has been reached that phosphate retention in these
soils is mainly due to the ability of the amorphous
aluminium silicate clay to strongly adsorb the phos-
phate mainly by ligand-exchange mechanisms (Parfitt
1980). It is also generally accepted that a repeated
application of inorganic P in acid organic soils results
in an agronomic P build-up and that this form of phos-
phorus participates somehow in the P-cycle and may
contribute to the pool of available P (Anderson 1975;
Vance et al., 1996). Chilean volcanic soils are no ex-
ception  and P fertilizers are accumulated in their up-
per horizons. Chemical fractionation for studying the
lability and the nature of these accumulated P forms
has been applied to different types of volcanic soils
(Escudey et al. 2001; Pinochet et al. 2001). Results of
these studies, and their possibilities for increasing the avail-
abilities of such P forms will be discussed further on.
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TABLE I. Total P (Pt) and organic P (P
o
) from 15 cultivated and uncultivated (native grasslands) Chilean volcanic soils

Cultivated Uncultivated

Range         Mean Range         Mean
____________________ ______________________

Total P   (mg kg-1) 1, 422 - 4, 011 2, 582 1, 150 - 3, 243 1, 854
Po (mg kg-1) 870 - 3, 197 1, 618 650 - 2, 375 1, 147
Available-P (mg kg-1) 3 - 165 45 3 -  41 10
Po/Pt x 100 42 - 80 56 48 - 79 62
Humic-P (%Po) 59 - 95 61 43 - 81 53
Fulvic-P (%Po) 5 - 41 39 19 - 57 47
Organic-C (%)  4.6 - 9.8 6.6 4.6 - 9.6 5.9
C/Po 31 - 53 41 41 - 71 51

From Borie & Barea (1983) and  Borie & Zunino (1983)
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ORGANIC PHOSPHORUS IN AGRICULTURAL VOLCANIC SOILS

In the early 1980’s field samples of fertilized and
unfertilized volcanic soils  representing the main
soil series from southern Chile were screened for
Pt  and Po (Table I; Borie & Barea 1983; Borie &
Zunino 1983). Total P was determined by soil oxi-
dation with sodium hypobromite (Dick & Tabatabai
1977). Po was determined as the difference between
Pt and inorganic P (Stewart & Oades 1972). Po was
also fractionated and analyzed as being associated
with humic acids (HA-P) or with fulvic acids (FA-
P), the latter representing the P forms with a
higher potential lability for being mineralized or
degraded by soil microorganisms. On the other
hand, humic-P, with higher molecular weights
represents a more recalcitrant pool, hardly de-
graded either by microbial or enzymatic activity
and, consequently, with lower P availability.

 A wide range of P contents was found in
the studied soils (Borie & Zunino 1983).  How-
ever, as expected, cultivated soils presented
higher amounts of both total and available P than
uncultivated soils (Table I). In general, Po rep-
resented more than 50% of Pt in all analyzed soils
even in uncultivated grassland soils. Table I also

shows that  organic C contents were  higher in
cultivated than in uncultivated soils. The differ-
ence between Pt from cultivated and uncultivated
soils represents a P accumulation produced by
agronomic soil management, especially by  phos-
phate fertilization. All the data in Table I sug-
gest that inorganic P applied as fertilizer is be-
ing accumulated in the soils in organic-P forms
or intimately associated with SOM (Borie &
Zunino 1983).

 It is known that in some acid soils with
high organic matter content, P- accumulation is
produced through the formation of organic com-
pounds of high molecular weight  suggesting the
formation of humate-Al-phosphate complexes
(Vance et al. 1996). In addition, C/P ratios in
organic matter of mineral soils oscillate around
100 depending on soil genesis, texture and envi-
ronmental conditions (Barber 1995). C/P ratios
in these organic temperate soils ranged from 31
to 53 for cultivated and 41-71 for uncultivated
soils, which support the idea that P build-up is
highly related to organic matter accumulation.
In the analysis of these soil samples, no clear
relationship between organic C and Po was observed.

Borie et al. (1989) have analyzed samples of

TABLE II. Po, humic-P (HA-P), fulvic-P (FA-P), inositol-P (INP) and C/Po ratio reported in  volcanic soils under grass-
lands.

P in Chilean volcanic soils: BORIE, E. & R. RUBIO

Soil P Po C/Po

___________________(mg kg-1)________________________________

Total Po HA-P (%Po) FA-P INP (%Po) (%Pt)

1 2, 348 1, 007    637 63 370     499     49 43 75

2 1, 925 1, 052    638 61 414     705     67 55 73

3* 1, 849 1, 083    721 66 362     709     65 59 75
4* 1, 107     654   333 51 321     415     63 59 87

5 2, 697 1, 302    867 66 435     612     47 49 71

6 2, 327 1, 492 1, 041 68 478     987     66 64 67
7 2, 476 1, 450    965 66 485     612     42 59 48

8 3, 121 1, 310    841 64 469     750     57 42 61

9 2, 362 1, 208    793 65 415     778     64 51 66
Mean 2, 246 1, 173    760 63 417     674     58 53 69

* Typic Vitrandepts. The other soils are Typic Distrandepts . From Borie & Barea (1983) and Borie et al.(1989).
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representative volcanic soils under grasslands from
the 9th and 10th regions of southern Chile in order to
further explore the nature of P (Table II). Phospho-
rus was found to be associated with organic macro-
molecules (Po) which represented a high propor-
tion of  Pt, ranging from 42 to 64% with a mean of
53%. There was a significant correlation between
organic C and Po (r = 0.73, p < 0.05), suggesting a
high affinity between P and humus and C/Po ranged
from 48 to 87 with a mean of 69. The so-called “hu-
mus P” represented by P associated to humic (HA-
P) and fulvic acids (FA-P) ranged from 51 to 68%
with a mean of 63% for HA-P and from 32 to 49%,
and a mean of 37% for FA-P, respectively (Table
II). In addition, Po and HA-P presented a strong
relationship (r = 0.99, P < 0.5) supporting the hy-
pothesis postulated by Borie & Zunino (1983)  that
P accumulation in Chilean volcanic soils is occur-
ring through the formation of humic-P complexes.
These results agree well with those reported by
Baker (1977), who found 71% of Po associated with
humic acids in New Zealand soils from two
chronosequences. It is well known that New Zealand
soils are similar to Chilean volcanic soils in terms
of genesis and climatic conditions.

Inositolphosphates (INP) usually represent >
50% of soil organic P compounds and are extracted
from soils with a rather drastic chemical procedure
involving NaOH and temperature (Irving &
Cosgrove 1982). These severe extracting conditions
could produce significant hydrolytic effects in INP
and the true values could be higher than those quan-
tified (Borie 1981). In spite of such constraints, INP
levels found in the sampled soils ranged from 42 to
67% with a mean of 58% suggesting that the bulk
of the Po is  associated with humic acids (HA-P;
Table II). Further studies carried out in the same
soils using dialysis and gel permeation for  estimat-
ing molecular weight of such macromolecules have
confirmed that the greater proportion of P is  in-
cluded in the organic structure of the soil matrix
and intimately associated with humic-like com-
pounds and inositol esters (Borie et al. 1989). Data
obtained after HA-P combustion and subsequent
metal analysis allow us to conclude that INPs in
these soils are intimately associated with Fe and Al,
especially with the former (Borie et al., unpublished
data).

The total quantity of phospholipids in agri-
cultural soils  is small, usually less than 5 mg P kg-1,

or from 0.6 to 3.0% of the soil organic P (Dalal 1977)
being undoubtedly of microbial origin. In spite of
its low P content, soil lipid P may represent an im-
portant intermediate compound for plant and mi-
crobial nutrition and the low levels could indi-
cate a P substrate of rapid cycling. In a study of
lipidic-P in volcanic soils, Borie & Barea (1985)
found very small quantities with a range from 0.06
to 0.72%, and no significant differences between
fertilized or unfertilized soils were observed.

In agricultural soils all forms of P are poten-
tially available to plants. The availability  degree
will depend on the solubility and structure of chemi-
cal forms, on the susceptibility to microbial attack,
as well as on the soil-root environment. Moreover,
Po necessarily must be previously mineralized be-
fore plant absorption. It is well known that the in-
puts of nucleic acids and phospholipids to soils are
likely to be much greater than INP; however, they
are broken down more quickly and P coming from
these compounds will be quickly cycled, so that
quantities found in soils are generally low (Dalal
1977; Stevenson & Cole 1999).

Nuclear magnetic resonance spectroscopy 31P-
NMR  is a relatively new approach for characteriz-
ing soil P (Stevenson & Col 1999). In recent years,
Escudey et al.(1997; 2001) and Briceño (2001) and
Briceño et al. (2003) have further explored the na-
ture of Po in Chilean volcanic soils using this tech-
nique. They sampled ten volcanic soils (two Ultisols
and eight Andisols) for studying the differences in
quantities and nature of Po from the two soil orders
and also for obtaining qualitative and quantitative
estimates of the P forms in soil alkaline extracts.
Results of such screening showed Po ranging from
32 to 75%, being higher for Andisols with a greater
proportion of P associated with humic acids (HA-
P) than for Ultisols. A close relationship between
HA-P and Po was observed, reinforcing the earlier
findings reported  by Borie et al. (1989). The larg-
est proportion of the Po detected by NMR in ex-
tracts from those volcanic soils has been monoester-
P, which includes inositol phosphates ranging from
17-64% (Escudey et al. 2001). Being soil INPs de-
rived from plants, animal and microbial residues,
they may accumulate as organic-P derived from
fertilizer application for increasing  pasture produc-
tion (Condron et al. 1985).  INP is strongly held by
chemisorption on Fe and Al components of soil par-
ticle surfaces and is protected from dephospho-
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rilation reactions, which could explain its persis-
tence in soils (Robinson et al. 1998) and its stabil-
ity against microbial and enzymatic attack (Zhang
et al. 1999).

Monoester-P found in higher amounts in
Andisols (25-64%) than in Ultisols (17-45%), may
be due to the higher levels of organic matter and
humus-P complexes with Fe and Al that these soils
contain. Diester-P was observed in low amounts in
some Andisols and most frequently in the 0-15 cm
depth range (Escudey et al. 2001). Major sources
of diester-P in the soils include microbial-derived
nucleic acids and phospholipids. Hinedi et al. (1988,
1989) have observed, by 31P-NMR, that diester-P is
hydrolyzed and mineralized faster than monoester-
P. These reactions may explain the relatively low
amounts of diester-P observed previously in some
Chilean volcanic soils (Bishop et al. 1994) in addi-
tion to the above-mentioned values for phospholip-
ids found in some of this type of soils (Borie &
Barea 1985) when using the traditional method of
lipid extraction (Bligh & Dyer 1959).

PHOSPHORUS FRACTIONATION AND BIOLOGICAL ACTIVITY

Lability and availability of the forms of P in soils
has come largely from chemical fractionation based

on the ability of selective chemical reagents to solu-
bilize discrete types of inorganic P compounds.
Thus, the procedure of Chang & Jackson (1957) has
been used for more than 30 years. However, a ma-
jor disadvantage of this fractionation scheme, and
its subsequent modifications, is that some of the
inorganic P is derived from the soil Po (Stevenson
& Cole 1999). Borie (1981) reported 17 and 85%
of hydrolysis for Fe phytate and Al phytate, respec-
tively, when H2SO4 0.5 M is applied to alkaline ex-
tracts for humic acid floculation as it is recom-
mended by the original procedure.

More recently, Hedley et al. (1982) have in-
troduced a sequential extraction procedure whereby
soil P is separated into inorganic  and organic frac-
tions or pools that vary in their availability to plants.
Essentially, a progression of stronger reagents is
used, which is related to P bioavailability. Thus,
biologically available Pi is removed first with an-
ion exchange resin followed by a mild extractant
(NaHCO3) used to remove “labile” Pi and Po forms.
At this step, inclusion of a chloroform treatment
permits estimation of Po originating from lysis
of microbial cells. Extraction with NaOH esti-
mates Pi slightly adsorbed to Fe and Al miner-
als, which is supposed to be also labile. Stable P
forms, such as highly insoluble inorganic and

TABLE III. Mean P fractions (mg kg-1) in two cultivated (+P) and uncultivated (-P) volcanic soils determined by the
sequential extraction procedure of Hedley et al., (1982)

P in Chilean volcanic soils: BORIE, E. & R. RUBIO

SOIL     VILCUN          OSORNO

P fraction   -P  +P ∆ P -P  +P  ∆P

Labile  P Pi 14 77 63 29 224 195
(NaHCO3) Po 13     19 6 34 85 51

Microbial  P Pi 14     36   22 19 50 31
(NaHCO3/CHCl3) Po 21     25     4 32 59     27

Chemisorbed  P Pi 527   811 284 503   589     85
(NaOH) Po 943 1,436 493 110 2,161 1,061

Internal  P Pi 151   196   45 57     82 25
(Ultrasonic NaOH) Po 673   703   30 548   588     40

Ocluded  P Pi 96   165   69 34     63 29
(HCl) Po 172   217   45 26     41     15

Residual P Pi 665   839 174 1,033 1,280   247
(NaOBr-tº)

Σ Pi 1,468 2,124 656 1,675 2,288   613
Σ Po 1,822 2,427 605 1,780 2,894 1114

From Borie et al., unpublished data.
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organic P compounds, are classified as recalcitrant
with low possibilities of mobilization towards P
forms with higher lability, or of solubilization by
root or microbial activity.

The fractionation procedure of Hedley et
al. (1982) and the more recent adapted by Tiessen
& Moir (1993) have been used for assessing the
complex dynamics of P in soils after soil manage-
ment especially crop rotation and organic residue
addition. When Hedley procedure was applied to
two Andisols with different management practices
but a similar organic C content (around 10%), a
different behavior was observed. The Vilcún soil was
subjected to a normal crop rotation (oats-lupine-
wheat-ryegrass) and the Osorno soil was under
heavily-fertilized pasture for ten years (300 kg P2O5

ha-1). Pt of both soils increased with cultivation, and
P accumulated by P fertilization was 45 and 62%,
for the Vilcún and Osorno soils, respectively (Table
III). Results show that accumulated P corresponds
mainly as inorganic forms in Vilcún soil and organic
ones in the Osorno soil. Po accumulation was also
different in both soils. Thus, whereas in the Vilcún
soil Po was associated with fulvic acids (FA-P)
which is thought to be moderately labile, in the
Osorno soil it was associated to humic acids (HA-
P) with lower lability.

Soil management practices play a crucial role
in P cycling. In this context, the effect of tillage and
crop rotation on the shifting of P from fractions with

different lability are at present being studied by our
group in an Andisol (Vilcún soil). Thus, it has been
recently reported that the addition of the equiva-
lent of 3 ton ha-1 fresh vegetal residues to the Vilcún
soil, with 4 mg kg-1 available-P, produced a major
increase of the fraction of labile-P, suggesting in-
creased mineralization Po rate (Borie et al. 2002).

The effect of tillage systems and crop ro-
tation on lability of P fractions is also being stud-
ied in the same Vilcún soil. Results obtained sug-
gest that, in general, no-tillage (NT) increases
the levels of labile-Pi extracted with NaHCO3 in
comparison with conventional tillage (CT). Pi
extracted with NaOH, also considered to be po-
tentially labile, has been found in higher levels
in NT than CT treatments suggesting a shifting
from more recalcitrant P forms towards P forms
with higher lability (Table IV).

ORGANIC P IN FOREST SOILS

A study of the distribution of P fractions according
to their potential bioavailability was recently re-
ported by Pinochet et al. ( 2001) in eight soils un-
der native forest. Variation in the accumulation of
P was evaluated over east-west soil transect of soils
derived from volcanic ash deposits of different ages
and metamorphic materials. All soils were located
in the 10 th region of southern Chile, from the

TABLE IV. Phosphorus fractions obtained by extraction with NaHCO
3
 and NaOH according to the procedure of Hedley

et al.,  (1982) in an Andisol with different crop rotations and under non tillage (NT) and conventional tillage (CT).
(Borie et al., unpublished).
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Crop rotation* NaHCO
3
-P NaOH-P

NT CT NT LC

Pi Po Pi Po Pi Po Pi Po

P
2
 - O 33.2 46.6 30.9 26.9 747 1, 552 510 1, 426

P
1
 - P

2
29.1 31.6 27.7 34.0 850 1, 434 532 1, 133

W - P
1

35.8 26.5 23.7 50.9 617 995 422 1, 184

L - W 46.5 31.3 29.6 31.2 826 1, 200 544 1, 192

O - L 38.6 52.2 25.3 32.5 418 1, 134 513 1, 325

Mean 36.7 37.6 27.5 35.1 756 1, 263 504 1, 252

*P
2
: Pasture 2nd year;   P

1
 : Pasture 1st ; W: Wheat;  L: Lupin; O: Oats
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Andean mountains (east) to the coast range (west)
and were sampled at 0-20 cm depth. The soils
showed a Pt content ranging from 354 to 1,414 mg
kg-1, depending on their evolution degree and gen-
esis (Table V). In all the sampled soils the largest P
content was in organic forms (53-82%) and was
higher for recent than more mature soils. The larg-
est accumulation of Po was in the fraction extracted
by NaOH, which correlated well with total C con-
tent (r = 0.748; p < 0.05). C/Po ratios ranged

from 131 to 315, being higher for the soils close
to the Andean mountains.

Another similar study, including chemical
P fractionation, was carried out in three forest
soils of the Cordillera Piuché, Chile (42º30’ S)
on Isla de Chiloé. This area has undergone mi-
nor inputs of ashes from Andean volcanoes and
consequently non amorphous minerals and mica-
vermiculite dominate in the clay fraction (Tho-
mas et al. 1999). Although these soils are not

TABLE V. Phosphorus fractions in forest soil samples of volcanic origin from a transect from the Andean mountains to
the coast in southern Chile.

TABLE VI. Phosphorus fractions in soils (0-10 cm depth) of one broadleaf and two coniferous forest water-
sheds in the Cordillera de Pichué, Chiloé, Chile.

P in Chilean volcanic soils: BORIE, E. & R. RUBIO

Soil Series Resin NaHCO
3

NaOH Total P C/Po Labile
Pi Po Pi Po Po (%) Pt (%Pt)

Antillanca 3.7 7.4 40.9 29.8 156.2 64 354 242 23
Chauleufu 5.4 8.6 38.6 42.1 242.8 72 456 315 21
Puyehue 6.4 10.4 65.0 94.1 483.5 69 961 233 18
Huiño-Huiño 6.3 9.2 56.9 91.9 544.3 78 882 205 19
Osorno 4.8 10.0 65.1 227.2 519.5 54 1,414 145 22
Corte Alto 1.4 8.1 41.1 190.9 403.6 53 1,010 150 24
Cudico 5.2 13.6 72.7 132.4 359.9 53 1,073 131 14
Hueicoya 7.0 12.0 59.5 188.9 290.6 59 737 208 23

For  classification and location of the above soils see Pinochet  et al. (2001).

Hedley-Tiessen Soil phosphorus concentration (mg kg-1)
     Fraction

BROADLEAF CONIFEROUS

Resin P 66.5 ± 9.0 96.3 ± 11.3
NaHCO3 Pi 15.2 ± 1.5 10.6 ± 1.7
NaHCO3 Po 69.2 ± 6.2 46.3 ± 4.4
NaOH Pi 26.8 ± 4.5 11.2 ± 2.4
NaOH Po 121 ± 23.1 89.7 ± 7.4
Dilute acid Pi 9.2 ± 2.2 3.1 ± 0.7
Acid Pi 37.2 ± 3.9 16.8 ± 4.4
Acid Po 34.8 ± 5.3 56.5 ± 8.0
Residual 36.2 ± 2.4 29.5 ±12.2
Total 413 ± 33 357 ± 25
Po (% of total P) 54 54
Labile P (%) 43 46

From Thomas et al. (1999)
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classified as true volcanic soils we have included
them here only for comparison with volcanic al-
lophanic soils. In relation to the different P forms
found in these soils, the authors reported Pt rang-
ing from 357 to 413 mg kg-1 with Po around 54%,
and labile P representing more than 43% in the
three research sites studied (Table VI). The au-
thors concluded that pools of labile P estimated
to be available to plants are significantly larger
than the annual demand for P in that setting.

CONCLUSIONS

In conclusion, a large proportion of P is found in
organic P forms in both agricultural or Chilean
forest soils derived from volcanic ashes. How-
ever, as most plants can only utilize P in inor-
ganic form, the activity of phosphatase enzyme
is crucial for hydrolyzing Po to inorganic form.
Pt is higher in agricultural soils than in forest
ecosystems. The lower quantities of P forms
found in forest soils, together with their higher
bioavailability, can be explained by the high fun-
gal weathering of primary P minerals observed
in  fores t  soi ls ,  including the  act iv i ty  of
ectomycorrhizal fungi (Landeweert et al. 2001).
In addition, a recent study  reported that roots of
tree species showed higher phosphatase activity
and organic acid excretion than those of maize,
a typical crop species (George et al, 2002). This
could explain the higher P cycling rate in forest
soils in relation to agricultural systems. However,
as P cycling in soils depend on several factors
including  soils genesis, climatic environment and
plant activity, comparisons of agricultural and
forest systems developed on similar sites should
be an important priority for future work.
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