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Abstract — The amount, quality, and turnover of soil P is influenced by climate and changes in soil management. The objectives of
this study were to evaluate the influence of edaphic properties, mean annual precipitation, and P-fertilization on soi.organic
31P-NMR spectroscopy was applied to investigate P forms of forest soils of the Central Western Spain. The concentrations of NaOH-
extractable inorganic-P were significantly higher in fertilized than in natural soils. Monoester-P was the dominant opgaigs-P s

in both natural and fertilized soils, representing between 19 and 54% of NaOH-extractable P. The highest concentrations of
monoester-P were observed in the soil with higher content of Fe oxides. The high charge density of monoester-P allowsprapid ads
tion on soil minerals and extensive interaction with sesquioxides that protect inositols from degradation. Diester-P depresente
between 3 and 17% of alkali-extractable P, reflecting a relatively low microbial activity in the soils on schists withoateigthot

Al and Fe oxides.

organic P / P-fertilization / forest soil / diester-monoester-P¥P-NMR

Résumé- Caractérisation du phosphore et de ses fractions par la technique du NMR dans des sols forestiers fertilisés et non-
fertilisés. La teneur, la qualité et le turnover du P du sol sont influencés par le climat et les changements dans la gestion du sol.
L'objectif de cette étude a été d’évaluer I'influence des propriétés édaphiques, de la pluviométrie moyenne annueléztiisde la f

tion phosphatée sur le P organique du sol. La spectroscopie NMR a été appliquée pour rechercher les formes du P daresédes sols f
tiers du Centre Ouest de 'Espagne. La concentration en P inorganique extrait avec NaOH a été significativement pluslbaute dan
sol fertilisé que dans le sol naturel. Le monoester phosphorique (représentant entre 19 et 54 % du P extractable avetaNaOH) est
forme dominante de P organique, aussi bien dans le sol naturel que dans le sol fertilisé. La plus haute concentratiotede monoes
phosphorique a été observée dans le sol avec la plus haute teneur en oxydes ferriques. La haute densité de chargeghosonoester
phorique permet sa rapide adsorption sur les composés mineraux du sol et son interation marquée avec les sesquioxydes, protége:
ainsi de la dégradation les inositols. Les diesters phosphoriques représentent entre 3 et 17 % du P extractable avecr&df#OH, mont
par la une relativement basse activité microbienne dans les sols sur schistes avec une haute teneur en oxydes aluminiques.

P organique / fertilisation phosphorique / sols forestiers / esters phosphoriques / NMR &P
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1. INTRODUCTION phospholipids, and other compounds, characterizes a
labile soil R fraction. The occurrence of phosphonates in
In natural ecosystems, amounts and chemical naturesoils was explained with the absence of bacteria contain-
of soil organic P are mainly determined by a combina- ing the phosphonatase enzyme [11].

tion of the major soil-forming factors (time, parent mate-  syydies using*P-NMR spectroscopy have focused on
rial, climate, topography, and organisms) [24]. The dis- the influence of cultivation and fertilization of agricul-
tribution of P among different organic and inorganic tyral soils on structural soil,Romposition or on screen-

forms reflects the history, present structure, and functioning of P, forms in different ecosystems [9, 10, 33, 34].

of an ecosystem [15, 32]. Although 31P-NMR spectroscopy is a powerful tool to
The organic P (f) content of soil may vary from  aSSess the structural composition of sqjllitle data is
traces in arid regions to several hundred mg! kg available on forms of Pin natural and P-fertilized

thick, humic forest soils. Often, nearly half of the total P Mediterranean forest soils and few researchers have
in soil occurs in organic forms, most of which is derived addressed the role of precipitation and temperature on
from plant residues and, in part, synthesized by soilSoil R, dynamics [29].

organisms from inorganic sources [21]. Brannon and  The objective of the present study was to evaluate the
Sommers [3] observed that more than 40% of thenP  influence of edaphic properties (texture, pH, C, Fe, Al

soils is typically associated with the fulvic and humic_and C/N ratio), mean annual precipitation (MAP), and

fractions and also reported the especial associatiop of Pthe effects of P-fertilization with superphosphate on the
with high-molecular-weight humic fractions. structural composition of Arom forest humic soil hori-

Several sequential extraction schemes have beerfons of the Central Western Spain.
developed to fractionate both inorganic and organic P
into fractions based on the solubility of soil P forms in
different chemical extractants [4, 12, 31]. These schemes 2. MATERIALS AND METHODS
do not identify the chemical forms of the P compounds
extracted, but they drive to an easy way of quantifying
organic P according to its susceptibility or resistance to 2.1. Site description
certain chemical treatments. It is known that NaOH with
sonification does not extract all the soil P and various The soils under study were forest soils located in the
studies have shown that this extraction with NaOH and“ Sierra de Gata” mountains (40°2' N; 3°0' W, province
sonification does not extract every class of chemical of Salamanca, Central Western Spain). Four experimen-
P-species to the same extent [9, 10, 19], then the resultgal plots, situated close to one another, were selected fol-
cannot be used to calculate the amounts of differentlowing a rainfall gradienttéble I). Three of these stands
P-species in the soil. However, the NaOH with sonifica- were Quercus pyrenaicaVilld oak coppices, and the
tion extracts the J except the more chemically recalci- other was &Castanea sativMiller chestnut coppice.
trant forms [12, 26]. These tree species are representative of the subhumid

The 31P-NMR spectroscopy is a useful tool for char- I\'/Ic.editerranean'cl_imate. Thesg four forest plots were fer-
acterizing the structural composition of P in alkali tilized superficially with triple superphosphate at
extracts of soils [4, 19, 21]. Different types of P com- 100 kg P ha'in April 1992. Some climatic and edaphic
pounds can be distinguished on the basis of the electrond@t@ are given itables landll.
ic environment around the various P nuclei. The number The climate of the area is characterized by rainy
of ester linkages and the presence or absence of dired@utumn and spring, and hot, dry summers; some winters
C-P bonds, e.g., in phosphonates, are the major factorare also dry and dryness is intense during summers, prin-
affecting resonances frequencies of P [2] in soil organiccipally in Fuenteguinaldo. The climate is classified as
matter (SOM). Thus, the quantitative detection and dif- temperate Mediterranean, with a MAP of 720#yr!
ferentiation of monoester-P, diester-P, phosphonate,and a mean annual temperature (MAT) of 13.3 °C at
pyrophosphate, polyphosphate, and inorganic orthophosFuenteguinaldo, and 1570 Iyt and 11.3 °C at
phate by?!P-NMR is well established [27]. The group of Navasfrias. The MAT of the sites under study is similar,
monoester-P comprises mainly inositol phosphates [1].being precipitation the differentiating factor of the cli-
Their high stability against microbial and enzymatic mate [30, 31]. The dominant soils afeimic Cambisols
attack is caused by their strong interactions with soil [7] over acid bedrock (granite or schist). Hereinafter the
minerals, because of their high charge density and byfollowing symbols will be used: FG for Fuenteguinaldo
precipitation as Al, Fe, and Ca salts of low solubility [1]. stand; NF for Navasfrias; VR for Villasrubias; and SM
The diester-P fraction, which contains nucleic acids, for the San Martin.
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Table I. Characteristics of the forest plots studied.

Fuenteguinaldo Villasrubias Navasfrias San Martin

(FG) (VR) (NF) (SM)
Vegetation Quercus pyrenaica Castanea sativa
Soll Humic Cambisol
Altitude (m a.s.13 870 900 960 940
Bedrock Granite Schist Schist Granite
Mean rainfall (I n2y-1) 720 872 1570 1150
Mean T (°C) 13.3 N.d¢ 11.3 14.2
Density (trees hd) 738 1043 820 3970
DBHY (cm) 15.2 254 16.5 10.0
Mean tree height (m) 12.0 8.5 13.0 13.0
Basal area (fha?) 21.2 13.5 15.6 30.0
LAI® (m? m) 2.6 2.0 1.8 3.7
Aboveground production (mg Hay—%) 4.09 2.83 2.60 5.25

Notes:2meters above sea levelmean annual temperatufeno data availablé mean trunk diametef;leaf area index.

Table Il. Chemical and physicochemical properties of the forest soils.

Plots Depth pH Cor§ Nte C/N Sand Silt Clay RE Al £ Preoil
(cm)  (HO) (9kgh (gkg?) (%) (%) (%) (gkg) (gkg? (mgkg?
FG 0-10 5.4 415 3.22 13 60 26 14 7.3 6.5 767
10-20 5.1 25.0 2.08 12 57 29 14 5.6 8.1 645
20-40 5.3 12.3 1.35 9 62 26 12 5.5 7.2 499
VR 0-10 4.6 67.3 3.99 17 24 62 14 23.8 25.2 965
10-20 5.1 12.0 1.25 10 14 69 17 21.3 26.0 869
20-40 5.2 6.1 0.91 7 10 74 16 19.4 26.9 794
NF 0-10 4.9 1050  4.98 21 35 48 17 14.4 335 720
10-20 438 58.0 3.37 17 33 53 14 15.6 39.4 677
20-40 5 5.0 0.47 11 16 77 7 13.7 36.0 648
SM 0-10 5.1 45.0 2.53 18 68 19 13 7.8 135 1206
10-20 47 34.0 1.85 21 64 21 15 8.5 185 1005
20-40 4.9 18.0 1.08 17 64 26 10 9.6 19.1 9203

Notes:2FG, Fuenteguinaldo, VR, Villasrubias, NF, Navasfrias, SM, San MAittal organic carborf,total nitrogend free iron,® free aluminum,
ftotal phosphorus in soil.

2.2. Methods 2.2.2. General analyses

2.2.1. Soil sampling The pH was measured in,@ at a soil: solution ratio
of 1:2.5 using a glass electrode. Total organic carbon
Samples were collected at 0-10 cm, 10-20 cm, and(C,,,) was determined by dry combustion on a
20-30 cm depth (inside thg,Aorizon) in both P-fertil- ~ Carmhograph 12 Wadsthoff analyser; total nitrogen (Nt)
ized and not fertilized forest soils. Results were calculat-was measured by Dumas oxidative digestion on a Macro
ed on a 105 °C soil dry base. All analyses were done inN Heraeus apparatus. The particle-size distribution was
duplicate. determined by the International pipette method [25].
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Free Fe (Fg and Al (Aly contents were extracted Signals a® = 3.0 to 6.2 ppm were due to orthophos-
with a mixed complexing and reducing buffer solution of phate monoesters, a group comprising inositol phos-
Na citrate and Na dithionite as described by Holmgrenphates, sugar phosphates, and mononucleotides [5].

[14]. Ranged = —0.3 to 3.0 ppm correspond to diester signals,
The most important physical and chemical properties'nCIucIIng teichoic acu_js because d'es“?f S'Q”M'O .
of the soils are shown iabie II. to 3.0 ppm were assigned to these teichoic acids (whlch

consist of chains of glycerol or sugar molecules linked
2.2.3.31P-NMR spectroscopy by phosphate and attached to the mureine of Gram-posi-

tive bacteria; Guggenberger et al. [10]). These authors
followed this assignment and found substantial amounts
of teichoic acids in the fulvic acid fractions of the tropi-
cal savanna soils. Diesters, e.g., phospholipids and DNA,
peaked ad = —0.3 to 1.0 ppm [19]. The resonance at
—1.0 to —3.0 ppm was referred to as unknown P. Signals
accounting for Presonated ad = 6.5 ppm (orthophos-
phate-P),0 = —4.4 ppm (pyrophosphate-P), add

—20 ppm (polyphosphate-P). The relative proportions of
P, in the NaOH extract (the sum of orthophosphate-P,
pyrophosphate-P, and polyphosphate-P) anthRhe
NaOH extract (the sum of monoester-P, diester-P, and

3IP-NMR analysis was used to get information on the
structural composition of alkali-soluble P. Extracts for
31IP-NMR analysis were obtained using the method of
Newman and Tate [19]. For this purpose, 6.7 g of finely
ground samples were dispersed ultrasonically with 90 ml
of 0.5 M NaOH and the suspension was centrifuged at
12500x% g for 120 min at 0 °C. The resulting supernatant
was concentrated to about 2 ml at 40 °C in a rotary evap
orator, then 1 ml of BD was added®'P-NMR spectra
were recorded on a Bruker AM 500 NMR spectrometer
(11.7 T; 202.5 MHz) without proton decoupling at a tem- ;. ; : } ;
perature of 280 °K. An acquisition time of 0.1 s, a 90° gg‘gg a%?ez)irrﬁji?atarkﬂg]ﬁg BYP-NMR and chemical
pulse and a relaxation delay of 0.2 s were used. The spec- '
tra were recorded with a line broadening factor of 20 Hz.  The relative proportions of Ain the NaOH extracts

Chemical shifts were measured relative to 858® in  \ere higher in VR and NF soilsaple I1l), both over
a 5 mm tube inserted into the 10 mm sample tube beforeschist and with a higher content of free Fe and Al

the measurement of each sample. Peak assignments we(gaple Il) and greater amounts of fine fractions (silt +
according to Newman and Tate [19] and Condron et al.c|ay) than the soils over granitgigle 11).

[5]. Intensities of signals were determined by integration.

The mean signal-to-noise ratio was 66 for the most inten-

sive peak and 10 to 14 for the less intensive peaks.

Total P in soil (Rs;) and total P in the 0.5 M NaOH Table 11l Relat i £ Pi ( ¢ orthoshosohat

extract (Ry,on) Were determined after ignition (550 °C, 'a&Pi€ lll. Relaluve proportions ot Fi (Sum of orthophosphate-
. : : ; P, pyrophosphate-P and polyphosphate-P) an(sém of
I1n708a6r‘1ri13 g'?ﬁﬂlﬁgoﬁag;hgxﬁjguleﬁl\'lgso' n11 e'\gilg)‘r‘é d monoester-P, diester-P, teichoic acid P, and unknown-P) deter-
i mined by3!P-NMR and chemical analysis.

directly in the extracts, and organic P in the NaOH Y Y
extract (R) was calculated as difference [22]. In all Plotg Depth  Chemical Analysis 3IP-NMR
cases, P was analysed by a modified molybdenum-blue (cm) % Pi % Po % Pi % Po
method [18].

FG 0-10 41 59 63 37
10-20 50 50 59 41
20-40 55 45 58 42

3. RESULTS AND DISCUSSION
VR 0-10 30 70 34 66
10-20 29 71 29 71
3.1. Effects of rainfall gradient 20-40 25 & 40 60
and edaphic properties on the P forms NE 0-10 o5 75 29 71
characterized by3P-NMR 10—20 29 71 25 75
20-40 27 73 26 74

31P-NMR analysis was applied to investigate the
structure of alkali-soluble P form$igure 1). & is the SM 18‘%8 g? gg gg %
rate between the chemical displacement of the resonance 20:40 63 37 60 20
in Hertz, and the total frequency used. Due to the low
value Qf this rate, it is mUltip”e_d by %60 tranSform_in Notes:2FG, Fuenteguinaldo, VR, Villasrubias, NF, Navasfrias, SM,
an easier to use number, for this reaStiave ppm units.  San Martin.
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Figure 1. Phosphorus-31 nuclear magnetic resonafi@&NMR) spectra of the alkaline extracts of the natural (left) and P-fertilized
(right) forest soils studied, at 0—10 cm.

To facilitate comparisons between soils, percentage In all forest soils studieddble I\), monoester-P was
peak areas (indicating the proportion of total spectralthe dominant Pspecies in the NaOH extract, represent-
area allocated to the different P forms) were converted toing between 22 and 61% of NaOH-extractable P.
amounts of alkali-extractable P on the basis of total P The highest concentrations of monoester-P in the
contents of the extracts as measured by chemical analyNaOH extract were observed in VR. The concentrations
sis table V). of monoester-P showed positive relationship to the free
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Table IV. P forms in the alkaline extracts of the unfertilized forest soils (m#.Kgelative contribution (%) of each P species to the
total NaOH-extractable P in brackets.

Plots? Depth Orthoph Monoester Teichofc Diester Pyropt Unknown  Mono/Die$
(cm)

FG 0-10 221 (61) 117 (32) 7) 9(2) 6 (2) 3(1) 13
10-20 246 (58) 147 (35) 8 (2) 9(2) 3 (1) 9(2) 16
20-40 191 (56) 120 (35) 7(2) 12 (3) 4 (1) 72) 10

VR 0-10 164 (32) 277 (54) 13 (3) 38 (7) 12 (2) 10 (2) 7
10-20 138 (28) 278 (57) 17 (4) 39 (8) 5 (1) 12 (2) 7
20-40 161 (36) 215 (48) 13 (3) 30 (7) 11 (3) 9 (2) 7

NF 0-10 85 (28) 150 (49) 11 (4) 48 (16) 4 (1) 7(2) 3
10-20 73 (22) 176 (53) 19 (6) 46 (14) i 7() 4
20-40 92 (26) 214 (61) 5(2) 33 (9) 1 (0) 5 (1) 6

SM 0-10 440 (68) 142 (22) 12 (2) 39 (6) 8 (1) 6 (1) 4
10-20 326 (64) 129 (25) 11 (2) 26 (5) 7) 8 (2) 5
20-40 231 (60) 126 (33) 6 (2) 18 (5) 1 (1) 5 (1) 7

Notes:2FG, Fuenteguinaldo; VR, Villasrubias; NF, Navasfrias; SM, San Matonthophosphate-P teichoic acid-P¢ pyrophosphate-P;
emonoester to diester-P ratidraces.

= % monoester-H

e==m monoester-P —— % Clay+Sitt

—4— Fed

Monoester-P [% Pext]
Clay+Silt [%]

Monoester-P [mg kg™']

VR NF FG SM

VR NF SM FG

Figure 3. Relative proportions of monoester-P respect to alka-

line P extracted and the percentage of silt plus clay in the
Figure 2. Monoester-P and free Fe contentsyjfe the unfer- unfertilized forest soils studied, at 0-10 cm depth. (VR,
tilized forest soils studied, at 0-10 cm depth. (VR, Villasrubias; Villasrubias; NF, Navasfrias; FG, Fuenteguinaldo; SM, San
NF, Navasfrias; SM, San Martin; FG, Fuenteguinaldo). Martin).
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the percentage of phospho-diesters is frequently <10%

=R monoester-P [4]. The higher percentages of alkali-extractable diester-
P (including sugar-diester P) obtained in the soils over
—e—pH schists than those over granites reflect relatively lower

soil microbial activity probably due to a lower drainage,
lower soil pH, and higher free Al concentrations
(table 1I). Stabilization of microbial metabolites by asso-
ciation with clay minerals and oxides and hydroxides
[21] may protect the diester-P in the clay and silt frac-
tions from mineralization and explain the higher diester
proportion observed in VR and NF soils than in SM and
FG (able 1V) with higher amounts of these fine fractions
(table II, figure 3 and, furthermore, VR soil is character-
ized by waterlogging in winter. Condron et al. [5]
applied3P-NMR to cultivated and uncultivated soils
under different environmental conditions and concluded
that decomposition of diester-P was limited by waterlog-
ging in subhumid climate. Tate and Newman [29] stud-
ied 31P-NMR spectra of alkaline extracts from soils of a
VR NF  SM FG tussock grassland climosequence in New Zealand and
also found a strong positive correlation between MAP

Figure 4. Monoester-P contents and soil pH in the unfertilized and diester-P.

forest soils studied, at 0-10 cm depth. (VR, Villasrubias; NF,  The different P species identified BP-NMR spec-
Navasfrias; SM, San Martin; FG, Fuenteguinaldo). troscopy can be characterized with regard to microbial

degradability [13]. An index of mineralization capability

is the ratio of monoester to diester-P, which ranged

between 3 and 17#able V) in the studied soils. Ratios
forms of Fe (Fg figure 2, with the percentage of silt  9iven in the literature vary between 1 and 20 [5, 10, 11].
plus clay figure 3, and negative with the pHigure 4), The major B structure in microorganisms is diester-P,
indicating a stabilization of monoester-P with fine frac- whereas plants contribute primarily to monoester-P in
tions of soil and sesquioxides. The high charge densitySCil [20, 27]. In the present study the plots with lowest
of monoesters (e.g., inositol phosphates) allows rapidPlant production (NF, VRtable ), but with the highest
adsorption on soil minerals, and extensive interaction SOM content, showed a consequently higher monoester-
with sesquioxides that protect free inositols from degra-P concentration in soils than the other plots (FG, SM,
dation [28]. table IV).

Diester-P comprising sugar-diester P, phospholipids, A decrease of the ratio of monoester to diester P with
and DNA represented between 2 and 17% of NaOH-the increase of MAP was observe(re 5. Several
extractable Ptéble V). authors have also found that microbial activity increases
with increasing MAP and soil moisture content, if
drainage is good enough [6, 8, 17]; Sumann et al. [27]
ave reported that MAP also affects sqjld@mposition

Monoester-P [mg kg™]
Ty
o

(9]
o
I

Diester-P have low charge densities and their phos
phate groups are shielded from ionic interactions. This
leaves them accessible to microbial or enzymatic attacl% : . . : ¢ .
in the soil environment, and explains the small propor- y increasing the proportion of microbial derived com-
tions present in the investigated soils [28], although pounds.
higher in NF and VR soils than in FG and SM. A decrease of the ratio of monoester to diester-P
Guggenberger et al. [9] showed that alkali-extractable (increase of microbial activity) was observed with
diester-P represents a pool of organic phosphorus that isncreasing C/N ratiofigure 6. It is known that the qual-
readily available for microbial mineralization. ity of SOM decreases when the C/N ratio increases.
Persistence and accumulation of diester-P has beerschneider [23] found for these forest soils that an
shown to occur in soils where microbial activity is increase of the rainfall causes a decrease of the quality of
restrained due to acidity, waterlogging, or low tempera- SOM as a consequence of decreasing the pH and increas-
ture [16]. So, literature data show that in acid or wet ing of free Al. Then, at least two factors, MAP and SOM
soils diester-P represents between 10% and 36% of alkaquality affecting the microbial activity and the ratio
li-extractable P [16], while in neutral, well-drained soils monoester to diester-P.
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—&— monoester/

~——— pH
diester-P

MAP [L m2yr1]
monoester/diester-P
unknown P [mg kg™]

FG VR SM NF VR NF SM FG

Figure 5. Monoester to diester-P ratio and mean annual pre- Figure 7. Unknown P and pH in the unfertilized forest soils
cipitation (MAP) in the unfertilized forest soils studied, at studied, at 0-10 cm depth. (FG, Fuenteguinaldo; VR,
0-10 cm depth. (FG, Fuenteguinaldo; VR, Villasrubias; SM, Villasrubias; SM, San Martin; NF, Navasfrias).

San Martin; NF, Navasfrias).

The concentration of the unknown P structures
increased with decreasing soil pHigure 7).
Pyrophosphate was found only in small amounts in all
investigated samples, comprising a maximum of 3% of
NaOH-extractable Rgble I\). According to Condron et
al. [6], pyrophosphate can originate from hydrolysed
organic esters. Polyphosphates were either not detected

@ monoester/
diester-P

—a&— CIN

+ 25 or formed in traces only.
The relative contribution of orthophosphate P ranged
+ 20 from 22 to 68% of NaOH-extractable flfle I\V). The
soils over granite showed percentages of orthophosphate
115 P higher than 60% and the soils over schist only about

30% in relation to R o

C/N

3.2. Effects of fertilization on the phosphorus
forms

Monoester/diester-P

The3P-NMR spectra revealed the same forms of P in
FG VR M NF non-fertilized and P-fertilized soil§igure 1).
As can be seen irable [Vandtable V, in FG and VR
Figure 6. Monoester to diester-P ratio and carbon-to-nitrogen soils, the Concen_tratlons Of. _Fforms n fertilized SQ'IS
(CIN) ratios in the unfertilized forest soils studied, at 0-10 cm Were lower than in non-fertilized soils. However, in NF

depth. (FG, Fuenteguinaldo VR, Villasrubias; SM, San Martin; and SM soils the concentrations gfférms increased
NF, Navasfrias). with P-fertilization.
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Table V. P forms in the alkaline extracts of the P-fertilized forest soils (M@ ke 0-10 cm depth. Relative contribution (%) of
each P species to the total NaOH-extractable P in brackets.

Plot®  Orthopl® Monoester Teichofc Diester Pyropt Unknown Mono/Die$
FG 180 (44) 159 (39) 19 (5) 23 (6) 6 (1) 23 (6) 7
VR 151 (25) 318 (51) 29 (5) 75 (12) 18 (3) 21 (3) 4
NF 154 (41) 156 (41) 16 (4) 49 (13) 2 (1) T 3

SM 538 (71) 147 (19) 18 (2) 35 (5) 7 (1) 10 (1) 4

Notes:2FG, Fuenteguinaldo; VR, Villasrubias; NF, Navasfrias; SM, San Mdttnthophosphate-F teichoic acid-P@ pyrophosphate-P;
emonoester to diester-P ratidraces.

4. CONCLUSIONS moisture, temperature, and acidity, Microb. Ecol. 20 (1990)
289-295.

Edaphic properties and MAP influenced the composi-  [7] F.A.O., Mapa mundial de suelos: Leyenda Revisada.
tion of soil P, in A, horizons of forest soils of the F.A.O., Roma, 1989, 142 p.
Western Central Spaind’P-NMR spectroscopy showed [8] Gressel N., McColl J.G., Preston C.M., Newman R.H.,
high proportions of monoester-P and relatively high pro- Powers R.F., Linkages between phosphorus transformations
portions of diester-P, reflecting a limited microbial activ- and carbon decomposition in a forest soil, Biogeochem. 33
ity in the soil studied due to the acid soil pH and the high (1996) 97-123.

content of free Al in these forest soils. [9] Guggenberger G.., .Chr.istensen B.T., Rubaek G Zech
W., Land-use and fertilization effects on P forms in two
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