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Volcanic ash derived soils represent between 50-60% of the total arable land area of southern of Chile, and they 

low P availability and high aluminium (Al) soluble concentrations (at low pH) are the most limiting factors 

short-range order alumino-silicates (allophane) allow the retention of huge quantities of soil P. The aim of this 
31P-NMR analysis as 

i
) and organic P (P

o
) fractions. We also determined 

o 
concen-

3
–P

o 
(r=0.45, P

o 
(r=0.43, P

This observation was reinforced by 31P-NMR analysis that showed higher monoester P and -IP
6
 content in 

the NaOH-P
o 
fraction for promoting P

o 
storage, as both fractions were correlated (r=0.33, P

P

Aluminum, phosphorus, availability, iron, andisol
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Acid soils comprise about 30% of the world’s arable 

constraints for crop production on these soils (Lynch, 

2007). This is particular the case for Andisols and 

Ultisols that comprise 5.4 million hectares of soils 

(Soil Survey Staff, 1996), and represent between 50 

and 60% of Chile total arable land area. About 50% of 

the Chilean Andisols present a high soil acidity level, 

limiting agricultural production (Mora ., 1999). 

the short-range order alumino-silicates (allophane and 

imogolite) allow retention of huge quantities of soil 

organic P (P
o
). This P

o
 is mainly present as inositol 

penta-

30-82% of total P (P
T
) in topsoils (Borie and Barea, 

1985; Redel -

cally, P retention is due to the adsorption by minerals 

-

sociated with humic substances and Al present in the 

and Wada, 1980; Vistoso ., 2012). Phosphorus 

sorption to these minerals can protect it against mi-

crobial and enzymatic decomposition (Stutter ., 

2015). This protected P can represent more than 90% 

of any added P (Borie and Zunino, 1983), leaving 

little P available for plants in spite of high P
T
 and P

o
 

contents in volcanic soils (Borie and Rubio 2003).

In the case of Chilean Andisols, dairy and meat 

production in Southern Chile is based on the use of 

highly productive forage species, especially ryegrass 

(

) Demanet . (2015). The productivity 

of these grass species has been studied showing the 

negative effects of high Al saturation on P availability 

in soils (Mora ., 2002), thus reducing pasture pro-

duction and quality (Mora ., 2006). 

P (P
i
) and organic P (P

o
-

ability (Hedley ., 1982; Cross and Schlesinger, 

1995; Condronand Newman, 2011). Hedley’s proce-

dure has conventionally been used for studying soil P 

fractions involving the use of chemical reactants like 

NaHCO
3

-

tracted fractions follow a decreasing gradient of plant 

availability (Hedley ., 1982). In this procedure the 

-

ate is attributed mainly to labile P
i
 in the solid soil 

(Cross and Schlesinger, 1995); moderately labile P
i
 

i
 

of lower plant availability associated with amorphous 

2
SO

4
 (Cross and 

Schlesinger, 1995). The P
o
 fractions are determined 

by difference between P in digested and P
i
 fractions, 

-

gestion methodology as described by Do Nascimento 

. (2015). Easily labile NaHCO
3
-P

o
 and less labile 

NaOH-P
o
 comprises P linked to SOM, and they have 

greater relevance in unfertilized or low-P soils and 

more highly weathered soils (Cross and Schlesinger, 

i
 and P

o
 com-

prise residual P of very low availability (Herlihy and 

McGrath, 2007). 

On the other hand, it is well known that solution 

31

forms. In this sense, this method has allowed to estab-

lish that temperate soils with intensive management 

of grasslands have similar proportion of inorganic or-

thophosphate and monoester P concentrations (Stutter 

., 2015), and the long-term addition of organic 
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fertilizers has little effect on soil P
o
 (Annaheim ., 

-

ported a greater proportion of monoester P under a 

lupin-wheat cropping system compared to oat-wheat 

(Redel ., 2011), and Briceño . (2004) reported 

a wide range of monoester P and orthophosphate con-

centrations for diverse natural Chilean soil Series.

soil types), Herlihy and McGrath (2007) found that 

soils Broquen . (2005) and Satti . (2007) in-

climatic sequence; they found that in drier climates 

a less strong Al and P retention occurred. In Chilean 

Andisols, there are several reports on P fractionation; 

some of them include31P-NMR analysis (Borie and 

Zunino, 1983; Borie ., 2002; Redel ., 2007; 

2008; 2011; 2015; Velásquez ., 2016a, b) and py-

and Canales, 1995; Matus ., 2006; Panichini ., 

2012). However, simultaneous determinations of these 

important in order to know the precise amounts of Al 

in the soil. Therefore, the aim of this work was to as-

-

dure (Hedley) and 31

Andisol samples (0-20 cm) were collected at winter 

from eight different grassland sites, belonging to four 

we collected samples from two different sites, located 

in a ratio within 5 to 15 km, with similar manage-

ment characteristics. All sites were ryegrass (

 species, 

less than 10% of legumes (principally 

) and weeds (principally ). 

Climate is temperate humid (12 °C-14 °C average 

temperature, 1,500-2,500 mm average annual pre-

cipitation) as described by Mella and Kühne (2005).

All sites presented comparable topography (< 1-3% 

cattle grazed or left for grass cut and fertilized. The 

soils Series were: a) Gorbea (GB): Typic Hapludands 

Central Valley (site 1 at 39º06’12”S, 72º37’42”W 

and 106 meters about the sea level (m.a.s.l.); site 2 at 

39º05’30”S, 72º34’20”W and 110 m.a.s.l.); b) Piedras 

foothill, (site 1 at 40º23’47”S, 72º32’35”W and 331 

m.a.s.l.; site 2 at 40º21’06”S, 72º31’16”W and 341 

Andes foothill, (site 1 at 39º00’49”S, 72º10’23”W and 

324 m.a.s.l.; site 2 at 39º02’58”S, 72º08’58”W and 

-

the Central Valley, (site 1 at 39º41’32”S, 72º56’45”W 

and 34 m.a.s.l.; site 2 at 39º36’30”S, 73º00’57”W and 

38 m.a.s.l.) (Mella and Kühne, 1985).

Pemehue and Gorbea pastures were established be-

tween 3 and 5 years before sampling, after cereal 

crop production. These pastures were used under non-

intensive grazing system and for silage production. 

Piedras Negras pastures were established 15 years 

ago after forest; they were used under infrequently 

but intensively grazing management. Llastuco pas-

tures have around 10 years-old; they were intensively 

grazed and have the highest dung input due to night 

2 years with 1 or 2 Mg ha-1 and fertilized with P at 

doses ranging from 50 to 100 kg ha-1applied as triple 

superphosphate. Nitrogen was supplied as urea (100 



493

Journal of Soil Science and Plant Nutrition, 2016, 16 (2), 490-506

kg ha-1 year-1). In each site, sampling was performed 

crossing the plots (3-5 hectares) by diagonal way, and 

per plot. Soils were air dried, sieved (< 2 mm) and 

stored until analysis. Soil chemical characterization is 

shown in Table 1.Soil bulk density of the sites was 

similar (around 1 Mg m-3); therefore, soils were com-

pared on a dry weight basis.

. Localization of the sampling sites in volcanic grasslands Andisols belonging to four soil Series of 

southern Chile.
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Chemical characterization in volcanic grasslands Andisols belonging to four soil Series in southern 

P

fractions (NaHCO
3
-P

i
, NaHCO

3
-P

o
, NaOH-P

i
, NaOH-

P
o
, H

2
SO

4
-P

i
) in soil were determined according to a 

NaHCO
3

with 0.1 M NaOH and further with 0.5 M H
2
SO

4
. The 

i 

was measured spectrophotometrically by the method 

of Murphy and Riley (1962) at 820 nm and pH 5.0, 

whereas P
o 
was calculated as the difference between 

P
T

-

tion with NaOBr (Dick and Tabatabai, 1977) and the 

P
i

Thus, this fractionation 

NaHCO
3
-P

i
, NaHCO

3
-P

o
, NaOH-P

i
, NaOH-P

o
, and 

H
2
SO

4
-P

i
. Residual P was calculated as the difference 

between P
T
 and P fractions.

Al
py py

-

tracted by 0.1 M sodium pyrophosphate diphosphate 

 and 

-

Total P (P
T

NaOBr (Dick and Tabatabai, 1977) and determined 

by the method of Murphy and Riley (1962). Total C 

(C
T
) was determined with elemental analyzer (CHN 

NA1500; Carlo Erba Elemental Analyzer, Stanford, 

CA, USA). Organic P (P
o
) was determined by the 

calcination method (Saunders and Williams, 1955). 

M NaHCO
3

-

sen and Sommers (1982) method. Inorganic P (P
i
) was 

determined as the difference between P
T
 and P

o
. Soil 

pH was determined in H
2
O in 1:2.5 soil: water solu-

tion relation. Microbial biomass P (microbial P) was 

with 

ethanol-free CHCl
3
 (Brookes , 1982), and P was 

molybdate–ascorbic acid method described by Mur-

phy and Riley (1962). Microbial P was calculated 

as: microbial P =EP k
EP

* , where EP is the 

difference between NaHCO
3
-P

i
-

gated and non-fumigated soil, and  is the re-

covering factor obtained for correcting P
i

k
EP

 is 0.4 (Khan and Joergensen, 2012). Phosphorus 

Gorbea Piedras Negras Pemehue Llastuco 

Chilean region IX X IX XIV 

pH (1:2.5 H2O) 5.71 (5.82-5.51)a 5.42 (5.96-5.28)b 5.62 (5.70-5.50)a 5.45 (5.70-4.77)b

-1 136 (179-96)a 140 (172-108)a 126 (140-102)a 104 (122-90)b

-1 1609 (1831-1254)d 2166 (2875-1623)c 2498 (3395-1799)b 3036 (3388-2807)a

-1 12 (20-4)c 20 (25-12)b 20 (30-16)b 45 (60-27)a

-1 848 (1160-458)b 1065 (1210-945)a 1015 (1212-748)a 1006 (1560-623)a

-1 930 (1225-788)c 802 (1315-495)c 1198 (1642-839)b 1823 (2275-1520)a

-1 28 (40-17)b 46 (65-25)b 29 (63-13)b 159 (221-99)a

Total C:organic P (NMR)(1) 444 (584-312)a 379 (464-291)b 284 (316-229)c 295 (346-255)c

(1) Organic P was calculated as the sum of monoester P and diester P from 31P-NMR spectra.
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in NaHCO
3
, NaOH and H

2
SO

4

-

ciated to the different P
o
 fractions were calculated as 

the difference between the total and inorganic pools 

as described for P.

31

31

with soil of both sites for each one of the four soil Se-

-

taining 0.25 M NaOH and 50 mM disodium EDTA 

(ethylenediaminetetra acetate) for 16 h in a 1:20 solid: 

solution ratio, at 22 °C, and centrifuged at 8,000 g for 

-

1 mL of methylene diphosphoric acid (MDPA) as an 

solubilized with 3.0 mL of D
2
O, shaked for 2 h, cen-

trifuged and transferred to 5 mm NMR tubes. Spectra 

were acquired on a Bruker Avance 500 spectrometer 

using a 30° pulse delay and 0.58 s acquisition time. 

The number of scans varied from 1,000 to 30,000 

ratios. Chemical shifts of signals were determined 

-

thophosphoric acid standard (85%). Peak areas were 

determined by integration over predetermined spec-

tral regions using Mestre-C software processed with 

Lorentzian line shape of 5 Hz. Signals were assigned 

(Turner ., 2003; Turner and Richardson, 2004). 

Signals areas were calculated by integration, whereas 

P compounds concentration was calculated from in-

tegral value of MDPA internal standard of 66.7 mg P 

kg-1, with a signal at 17.4 ppm. Spectra assignment 

were according to Turner  (2003): pyrophos-

phate at -4.3 to- 4.6 ppm, with a peak at -4.4 ppm; 

P associated to DNA (diester) at -0.4 to 0.1 ppm with 

a peak at 0.11 ppm, inorganic orthophosphate at 5.87 

to 6.25 ppm with a peak at 6.15 ppm, -inositol 

phosphates ( -IP
6
) (monoester P) at 4.00 to 4.35 

ppm with a peak at 4.22 ppm, mononucleotides of 

RNA (monoester) at 4.59 to 5.00 ppm with a peak at 

4.70 and 4.90 ppm, -inositol phosphates ( -

IP
6
) and -glycerolphosphates (monoester P) at 5.00 

Annaheim ., (2015) and Stutter . (2015).

Data were analyzed using analysis of variance 

(ANOVA) followed by the Duncan test to identify 

-

ity and homogeneity of variance were tested before 

analysis. Statistical differences between means were 

selected parameters were carried out using Pearson`s 

P P -

cipal component analysis (PCA) was performed over 

components (PC’s) with the highest eigenvalues were 

selected for the plot performing.

Table 1 shows the chemical characterization of the 

studied soils. Gorbea and Pemehue soils had higher 

pH values than the other soils. Llastuco soil had the 

lowest C
T

-

est total P (P
T
), Olsen P, microbial P and inorganic P 

(P
i
) contents .Organic P (P

o
) represented on average 

42% of P
T
 in all soils and it was the lowest at Gorbea 

soil. Total C to organic P relation was the highest in 

Gorbea soil. 
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Piedras Negras showed the greatest Al
py py 

and the lowest Al

Pemehue and Llastuco soils, Al
py py 

were be-

tween 75 and 85 % lower than Al , whereas 

for Piedras Negras these differences were around 

60%. Interestingly, when the arithmetic difference 

between Al  and Al
py 

was calculated, we found that 

Piedras Negras soil showed the lowest value; the cor-

py
 was the high-

est in Llastuco soil. Estimated allophane content did 

not show differences among soils.

differences according to Duncan tests (P

of 15, 10, 15 and 13 g kg-1 for Gorbea, Piedras Negras, Pemehue and Llastuco soil, respectively

According to the sequential Hedley P fractionation, 

Llastuco soil presented the highest P
i 
contents in the 

NaHCO
3
, NaOH, H

2
SO

4 
and residual P fractions com-

pared to the other soils (Table 3). Piedras Negras and 

Llastuco presented the lowest NaOH-P
o
 content; Pie-

NaHCO
3
-P

o
 compared to the other soils. In terms of 

the labile P
o i

-

bile P
o 
(i.e. NaOH-P

o
 and NaHCO

3
-P

o
) fractions rela-

tive to P
T
, and Piedras Negras the lowest P

i
 fractions 

also showed the highest residual P proportion. 

-

tracts obtained by Hedley’s fractionation procedure. 

i
 fractions (NaHCO

3 
and 

NaOH) was the highest at Gorbea soil, whereas Al in 

P
o
 fractions (NaHCO

3
 and NaOH) was the greatest at 

for Gorbea and lowest for Piedras Negras soil. Iron 

concentration in the different P fractions did not show 

in the NaOH-P
o

to the H
2
SO

4
-P

i
 fraction irrespective to the soil Series.

Llastuco presented the broadest orthophosphate-P
i
 as 

demonstrated by its31

the respective peak integration (Table 5). Pemehue 

presented the highest total monoester P (Table 5), and 

Gorbea showed the greatest ß-glycerophosphate peak 

highest -IP
6
 signals. In general, Llastuco ac-

cumulated the lowest proportion of organic P forms 

(monoester and diester) and pyrophosphate P as com-

Gorbea Piedras Negras Pemehue Llastuco 

-1 12 (15-9)b 14 (15-13)a 12 (15-10)b 10 (12-9)c

-1 3 (4-3)b 10 (12-8)a 4 (5-3)b 4 (6-4)b

-1 46 (52-42)a 32 (41-28)c 48 (51-45)a 41 (44-38)b

-1 18 (25-13)b 26 (41-18)a 23 (30-17)a 26 (33-17)a

-1 34 (27-40)a 18 (14-28)c 35 (33-39)a 31 (26-34)b

-1 14 (10-22)c 16 (8-32)c 19 (14-22)b 22 (14-29)a

Allophane(1) -1 182 (266-56) ns 145(344-70) ns 160 (248-109) ns 146 (206-68)ns
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from 31

NaOBr) were ranged between 37-49% (Table 5). 

Correlations were performed in order to determine 

the different relationships between selected param-

-

sented negative correlations with all P
i
 fractions, 

whereas Al as well as the difference between Al  

and Al
py

(Al –Al
py

) presented positive correlations 

with P
o

-

sented negative correlations with all P
o
 fractions, 

whereas residual P was correlated positively with 

py 
(Table 6). We also found that C

T
 

py
 and 

with almost all P
i
 fractions, but positively with Al

py
 

py
. Allophane was positively correlated with 

NaOH-P
o
.

-

py py 

were positively related with PC1, whereas labile P
i
, 

were positively related with PC2. 

Both, labile P
o
 and Al were negative lyrelated with 

PC1 and PC2. 

southern Chile
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 31

four soil Series of southern Chile



499

Journal of Soil Science and Plant Nutrition, 2016, 16 (2), 490-506

Principal component analysis determined in volcanic grassland Andisol of southern Chile. 

PC1, principal component 1, PC2, principal component 2. Labile-P
i
: NaHCO

3
-P

i
+ NaOH-P

i
, labile-P

o
 : 

NaHCO
3
-P

o
+ NaOH-P

o
, no labile P: H

2
SO

4
-P + residual P

Duncan tests (P

(1) Calculated as the difference between PT and P fractions.   (2)

3

(NaHCO
3
-Pi + NaOH-Pi)
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(

(P

31P-NMR different species concentration determined by peak integration and standard addition (MDPA) 

in volcanic grassland Andisol belonging to four soil Series of southern Chile

(

1) (2)

(3)

(4) -IP
6

(5)RNA

(6) -IP
6

(7) Content of all P
i 
and P

o
 species as determined by standard addition (MDPA)

(8) Recovery calculated as Total P (31

(9)Determined as 31P-NMR P
o i

 Gorbea Piedras Negras Pemehue Llastuco 

 NaHCO3–Pi 0.12 (0.31-0.02)a 0.05 (0.07-0.03)b 0.02 (0.04-0.01)c 0.03 (0.04-0.01)c

 NaHCO3–Po 0.16 (0.34-0.08)b 0.32 (0.64-0.19)a 0.36 (0.68-0.17)a 0.13 (0.18-0.09)b

Al in P  NaOH–Pi 16 (24-6)a 12 (18-3)b 8 (14-4)c 12 (14-10)b

o 12 (18-7)b 9 (21-4)bc 16 (24-11)a 10 (14-4)bc

(g kg-1) H2SO4–Pi 17 (25-12)a 8 (14-5)b 15 (21-8)a 17 (22-14)a

 Total 46 (66-36)a 30 (35-26)c 40 (47-36)b 39 (48-31)b

 NaHCO3–Pi 0.033 (0.045-0.023) ns 0.038 (0.072-0.020) ns 0.035 (0.053-0.019) ns 0.035 (0.041-0.025)ns

3–Po 0.144 (0.282-0.082)ab 0.125 (0.171-0.088)b 0.167 (0.257-0.074)a 0.119 (0.170-0.071)b

i 0.337 (0.536-0.235)ab 0.437 (0.834-0.107)a 0.231 (0.698-0.040)b 0.288 (0.595-0.040)ab

(g kg-1) H2SO4–Pi 17 (22-13)a 11 (15-10)b 13 (19-10)b 16 (21-11)a

 Total 18 (22-13)a 12 (15-11)b 14 (19-10)b 16 (21-12)a

P form Soil Series 

(mg kg
-1

) Gorbea Piedras Negras Pemehue Llastuco 

Pyrophosphate (1) 51.56 74.57 80.40 54.96 

Orthophosphate Pi
(2) 214.83 299.53 630.26 967.17 

Diesters (DNA-P) (3) 38.63 61.82 102.46 86.42 

Monoesters     

(4) 34.58 40.59 25.36 29.25 

(5) 106.89 132.31 152.17 104.92 

(6) 125.75 133.93 164.85 132.90 

           Total  267.22 308.46 342.38 267.07 

Sum of 31P-NMR species(7) 638.95 809.45 1222.16 1442.32 

Recovery of total P (%)(8) 40 37 49 47 

31P-NMR Po i
(9) 1.2  1.0 0.5 0.3 

31P-NMR species 0.41 0.38 0.28 0.19 
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Soil P status in grassland soil is one of the main con-

cern for meat and milk production because the high P 

retention in volcanic soils of southern Chile limits the 

dry matter yield. The high P retention as P
i
 is mainly 

a consequence of adsorption processes on the clay 

we have focused our attention on soil P
o
 because in 

Andisols between 40 and 60 % of the total P is allo-

cated inorganic forms, mainly in the recalcitrant frac-

tion (Velásquez ., 2016 a,b). The knowledge of 

the P input fate ingrassland soils is very important to 

design fertilization management strategies. The an-

nual dry matter production in permanent pastures like 

those studied here range from 9.80 Mg ha-1 year-1 to 

17 Mg ha-1 year-1, with an average of 13.5 Mg ha-1 

year-1 (Demanet ., 2015). Phosphorus fertiliza-

100 kgha-1 year-1), but comparatively Llastuco showed 

the higher contents of Olsen P and microbial P (Table 

1) because the high dung input as a consequence of 

Olsen P is increased as pH is raised in the rhizosphere 

of Andisols (Paredes ., 2011). In our study, we 

found that P behavior was strongly regulated by Al; 

-

phane) was highly correlated with labile P fractions 

(NaHCO
3
 and NaOH) as shown in Table 6. The high 

amounts of Al  and amorphous compounds (Al -

Al
py

fraction of soils (Reddy ., 1996). In this sense, 

our results suggest that active Al  is the main factor 

that governs P
o 
storage in volcanic Andisols since Al 

is regulating NaHCO
3
-P

o
 and NaOH-P

o
 accumulation 

(Table 6). Thus, P mobilization is affected by sorption 

., 2004) that are pro-

tecting P against microbial and enzymatic decomposi-

tion as showed by Stutter . (2015). In addition, the 

soil with the highest Al  and amorphous Al contents 

(Pemehue) presented the highest monoester P, -

IP
6 
and NaOH-P

o
 contents. Thus, Al  might promote 

monoester P retention in soil (Murphy ., 2009). 

P
o 

accumulation, as we found that NaOH-P
o
 and al-

lophane were positively correlated (r=0.35, P

In general, the highest content of Al in P
i
 fractions 

together with low microbial P in Gorbea soils (Tables 

1 and 3) suggest that soil microorganisms might bein-

-

tivity (Kunito 

NaHCO3–Pi NaHCO3–Po NaOH–Pi NaOH–Po H2SO4–Pi Residual P Total C

Al Pyrophosphate  -0.01 -0.05

-0.03 0.18 -0.25 -0.14

0.04 0.49** 0.12 0.40** 0.23 -0.20 -0.27

-0.24 -0.20 0.15

-0.30

0.30 0.18 0.28 0.14 0.15 0.47** -0.45**

 Allophane -0.05 0.25 -0.15 -0.24 -0.23 -0.20

C Total C -0.27 -0.13 -0.09 1.00

P
T
: Total P; P

i
: inorganic P; P

o

respectively)
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mineralization as we found that Al
py

 and P
i
 fractions 

were inversely correlated (Table 6).

) seem to be associated 

to residual P (r=0.55, P

most recalcitrant P fraction. Therefore, both the resid-

were closely related in the PCA plot 

did not correlate with 

labile P
i 
(NaHCO

3
-P

i
 and NaOH-P

i
; Table 6). The re-

 and residual P has been previ-

ously reported by Jiang . (2015); they found that 

-

leased and become available for plants and microbial 

-

stituted allophane may contribute to the formation of 

highly resistant organo-mineral associations, contrib-

. (2016). In this sense, our previous research in-

dicates that aggregates of allophane in Piedras Negras 

-

., 2012). However, in our 

study allophane and C
T
 were not correlated (Table 6); 

studies.Otherwise, Piedras Negras showed the highest 

residual P relative to P
T
, which can be attributed to 

 content and the positive correlation be-

tween both parameters as discussed earlier. Recently, 

Velásquez . (2016a) showed that Chilean Andis-

ols have a high content of residual P, which is formed 

by monoester P, including - and  -IP
6
, as we 

In this study, all soils presented C
T
:P

o
 ratio over or near 

to 300 (Table 1); such values are considered as indica-

tors for net P immobilization according to Dalal (1977) 

and Stutter . (2015). The C
T
:P

o
 ratio was higher in 

Gorbea soil, which presented both the highest labile P
o
 

relative to P
T
 in the sequential fractionation (Table 3) 

and the greatest P
o
 species (monoester and diester) 

relative to all P species as determined by 31P-NMR 

(Table 5). Contrastingly, Llastuco soil presented the 

highest microbial P, Olsen P and total P
i
 content (Ta-

ble 1) as well as the highest amounts of NaOH-P
i
 and 

NaHCO
3
-P

i
and the lowest labile P

o i 
relation (Table 

-

est orthophosphate 31

lowest monoester P and 31P-NMR P
o i

 relations (Ta-

ble 5). High orthophosphate P peaks are most likely a 

consequence of either the P addition in cattle manure 

. (2009), or the heavy P
i
 

fertilization inputs to cropped soils previous to the 

establishment of these relatively new pastures, which 

were sown between 5 and 15 years ago. Moreover, 

in soils under intensive pasture management, ortho-

phosphate P could be equivalent or even higher than 

P
o
 forms (Stutter ., 2015). In terms of the contri-

bution of monoester-P to total 31P-NMR, our results 

were lower than those reported for other grassland 

and forestry Chilean soils (Redel ., 2015), but 

within a range of natural, unfertilized soils given by 

Briceño . (2004).

-

obtained by sequential Hedley fractionation. Alu-

(NaHCO
3
+NaOH+H

2
SO

4

2
SO

4
 fraction, 

whereas comparable proportions of Al were deter-

mined in NaOH-P
i
, NaOH-P

o
 and H

2
SO

4
-P

i
 Hedley’s 

is mainly bound into more stabilized mineral fraction 

remotion of SOM. However, for the interpretation 

of these results it must considered that our fraction-

ation scheme did not included a sonication step in the 
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. (1982), since sonication negatively affect due 

the weak aggregate stability of our soils. Therefore, 

in our work, H
2
SO

4

amounts than those reported with ultrasound treat-

ment (Baeza, 2002), due to sonication release P 

The comparison among the methodologies used here 

allowed to establish a correspondence between Al-

and Al content in the NaOH-P
o
 fraction (r=0.41, 

P
py

NaOH-P
i
 fraction content(r=0.35, P -

NaOH-P
o
 fraction were correlated (r=0.33, P

o
 storage.

by the P
o
 retention due active Al (Al

played a substantial role in residual P accumulation. 

component analysis that showed Al  and P
o
 in the same 

and residual P were together in the 

T
 and 

in general P
i
 fractions followed the order of gradient: 

Gorbea < Piedras Negras < Pemehue < Llastuco soil 

-

ture management.

Pasture growing in volcanic soils of southern Chile 

presented high P
o
 storage (848-1065 mg kg-1) and Al 

). Phosphorus availability 

was mainly regulated by the formation of amorphous 

Al-P
o

 the main factor that gov-

erns P
o

 was related with the 

Al determined in Hedley’s NaOH-P
o
 fraction and with 

the monoester P and -IP
6
 content as determined by 

31  plays the main role in re-

sidual P storage in the more recalcitrant fraction. 
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