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Abstract — The availability and the reserves of organic phosphorus are controlled by its mineralization rate and
arealsoinfluenced by changesin soil management. The objective of this study wasto evaluate the influence of
soil covering with different leguminous plant on soil organic P by *P-NMR spectroscopy. Alkaline soil extracts
were obtained from two depths (0-5 and 5-10 cm) of an Ultisol cultivated with herbaceous perennial leguminous
plants (Arachis pintoi, Pueraria phaseoloides, Macroptilium atropurpureum). In an adjacent area, samples of
the same soil cover with a secondary tropical forest and grass (Panicum maximum) were also collected. The
leguminous management was divided into with removal and without removal of shoot parts after cut on sail
surface. Phosphate monoesters are the dominant P speciesin all soil samplesand P diesters accumulated on the
superficial layer of secondary forest soil. The Pamount of thisfraction ishigher for thelegume covered soil when
compared with the grass covered soil. The permanence of leguminous plants on the topsail after the cut promoted
anincreasein P diester/P monoester ratios. These findings can be accounted for an enhancement of Pavailability
to plantsin soils cultivated with leguminous plants.

Index terms: cultivation, deforestation, cover crops.

Andlise de fosforo em solo com leguminosas herbaceas perenes
por meio de ressonanciamagneéticanuclear

Resumo — A disponibilidade e as reservas de fosforo organico séo controladas pela taxa de mineralizacéo e
influenciadas pelas ateragdes no manejo do solo. O objetivo deste trabalho foi avaliar o fésforo orgénico
mediante espectroscopia de ressonancia magnética nuclear de 3*P (RMN 3'P) em solo sob cobertura de plantas
leguminosas. Extratos alcalinos foram obtidos em duas profundidades (0-5 e 5-10 cm) de um Argissolo numa
area cultivada com leguminosas herbaceas perenes (Arachis pintoi, Pueraria phaseoloides e Macroptilium
atropurpureum). Em areas adjacentes ao experimento foram col etadas amostras do mesmo sol o sob coberturade
floresta tropical secundaria (capoeira) e capim-colonido (Panicum maximum). O manejo das leguminosas foi
dividido em com e sem aremogao da parte aérea da superficie apds o corte das plantas. Os fosfatos em ligagdes
monoésteres foram predominantes em todas as amostras de solo e os fosfatos em ligagdes diésteres foram
acumulados nacamadasuperficia do solo sob florestasecundaria. A quantidade de fosforo em ligacBes diésteres
foi maior nas amostras de solo sob cobertura de leguminosas do que sob gramineas. A permanéncia da parte
aérea na superficie do solo promoveu aumento na raz&o P diéster/P monoéster. Esses resultados podem ser
usados para justificar o aumento da disponibilidade de fésforo para as plantas em solos cultivados com
leguminosas.

Termos paraindexacdo: cultivo, desmatamento, culturas de coberturado solo.

Introduction the major challengesto befaced because alarge portion

o S of the soil P stock isfixed in formslargely unavailable
Theproductivity of most cropsislimited by phosphorus  for short term uptake (Velloso et al., 1982) resulting in
(P) availability, especially in strongly weathering soils.  |ow plant-available P concentrations (Tiessen & Moir,
Inmost of the agricultural systems, the maintenanceof ~ 1993). Available P comprises free phosphate ions
P availability to plants growing in these soilsisone of  desorbed and/or dissolved from the soil solid phase or
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released from decomposing organic matter (Fardeu,
1996). Animportant part of Pin soil isorganically bound
and plays a key role in the P cycle (Daal, 1977).
Stabilization of organic phosphorus (OP) in soil is
frequently explained by the incorporation of microbial,
vegetation and animal phosphate unitsinto the humified
soil organic matter (Stevenson, 1994). Beck & Sanchez
(1994) found that the NaOH-extractable Po fraction is
animportant source of plant available Pinanon-fertilized
Ultisol. Guerra et al. (1996) showed that, despite the
lower amounts, OP was intimately related to available
P, indicating the potential contribution of thisfraction to
theavailability of Pinstrongly westhering soils. Neufeldt
et a. (2000) confirmed this observation showing that, in
an Oxisol, morethan 60% of |abile Pisorganic. However,
the analysis of P fractionation allows only indirect
structural characterization of OP compounds. 3lPNMR
allows a more detailed determination of structural
features of organic P in soils.

Newman & Tate (1980) quantified the relative
amounts of P in different compounds such as
orthophosphates, mono and diester phosphates,
phosphonates, and polyphosphates. A series of works
has been reported following this approach mainly with
temperate soils. Results dealing with tropical soils are
more scarce. Forster & Zech (1993) found that, in tro-
pical rain forest soils, persistent orthophosphate P
monoester makes up an even greater percentage of soil
phosphorus. Similar resultswere observed for Brazilian
savannah soils, cultivated or not, and could be explained
by the stabilization on Al and Fe hydroxides and other
clays(Chapuis-Lardy et al., 2001). Inaprimary tropical
forest, Moller et a. (2000) verified that soil organic
phosphorus (SOP) is constituted mainly of
orthophosphate diesters on the organic layer, whereas
on the mineral horizons orthophosphate monoesters
dominated the chemical composition of extractable SOP.
Through 3!PNM R spectroscopy, Solomonset al. (2002)
observed that intropical sub-humid soilsthe proportion
of the more stable organic orthophosphate monoesters
increased following changes in land use compared to
that of natural forests.

Characterization of the SOP pool is essential for
understanding the P cycle in tropical agroecosystems
where Po contributes significantly to thenutrition of crops.

The objective of this study was to evaluate the
influence of soil covering with different leguminousplant
on soil organic P by 3P NMR spectroscopy.
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Material and M ethods

The trial was carried out at an Ultisol located at
EmbrapaAgrobiologiaexperimental field, in Seropédica,
Rio de Janeiro State, Brazil (43°41'W, 22°45'S; 33 m
above sealevel). Soil chemical properties of the 20 cm
surface were analysed, showing pH (H,0), 5.6; Al,
0.0 mmol dn3 (titration againg NaOH); Ca, 30.0 mmol . dn3
and Mg, 14.0 mmol, dm3 (titration against EDTA); P,
2.0mg dm3 (Mehlich 1 extraction and colorimetric
determination); K, 72.0 mg dm3 (Mehlich 1). Themean
annual temperatureand rainfall are, respectively 24.1°C
and 1,620 mm. The dry season occurs from April to
August.

A completely randomized block design, inafactorial
scheme 3x4 with three replications, was used. Three
legumes were evaluated: groundnut (Arachis pintoi
Krap. & Greg.), tropical kudzu (Pueraria phaseoloides
(Roxb) Benth.), and siratro (Macroptilium
atropurpureum (OC.) Urb). After the first cut, each
plot was divided into two subplots: plants were either
cut and left on the soil surface or they were cut and
removed. Plot size was 3.0x7.0 m and subplot size was
3.0x3.5 m. After 30 months of trial installation soil
sampleswere collected at the depths of 0-5and 5-10 cm
with or without plant residues on the soil surface. Soil
samples were also collected at the same depths in a
closed area covered with secondary vegetation, i.e.,
mainly formed by Cz plants or by Panicum maximum
cv. KK-16.

One hundred grams of air-dried soil were mixed with
1L of 0.5 mol L-1 NaOH with pH adjusted to 7.0 and
thiswasleft standing overnight under N, atmosphere at
room temperature. Then all samples were filtered
through Whatman 41 filter paper. Subsamples of each
filtered extract were digested in H,SO4/HCIO,4 mixture
and thetotal Panalysed (Olsen & Sommers, 1982). The
remainder of each filtrate had the volume reduced under
vacuum and at low temperature (40°C), theionsremoved
by cation resin column (Amberlit IR-120 H*) and finally
freeze-dried. All field sampleswere collected in triplicate
and P analysis carried out in duplicate.

To prepare the samples for NMR analysis,
approximately 1 g of the freeze-dried extracts was
weighedintoa50 mL plastic centrifugetubewith 2.5 mL
of D20O. Sampleswere vortexed for two min. 3IPNMR
spectra were obtained at 101.27 MHz on a Bruker
WM 250 high resolution using a45° pulse with a1.5-s
delay and acquisition time of 0.508 s, using phosphoric
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acid as an external reference. The 31P spectra were
proton decoupled using an inverse-gated pul se sequence
to eliminate the nuclear Overhauser enhancement in
order to achieve quantitative results. The assignment of
peaks was based on Newman & Tate (1980), Adams &
Byrne (1989) and Cade-Menun & Preston (1996).
Chemical shiftswere measured rel ative to external 85%
H3PO,. Peak areas were determined by integration.

Results and Discussion

No significant differences were observed in total P
contents in the studied samples covered with perennial
leguminous. From 40% to 63% of total soil P were
extracted with 0.5 mol L1 NaOH. In the soil extracts
obtained from P. phaseoloides the P contents were
lower (119.2 mg kg?) than those obtained from A. pintoi
(157 mg kgt) and M. atropurpureum (128.2 mg kg™1).
No relevant differences in P contents were observed
with litter being present or not on the soil plots.
Nevertheless, it was possible to observe major
differencesin thedistribution of various Pformsfor the
different vegetable soil covering (Table 1 and Figures1
and 2). In all soil samples, P monoesters were the
predominant OPform, representing between 66% to 95%
of NaOH extractable phosphorus. Alkali-extractable
orthophosphate monoester originates mainly from
hydrolysed plant derived phospholipids, including
glycerophosphate, inositol phosphate, choline phosphate
and others, which are associated with cuticleand middle
lamella tissue and cellular membranes and have
resonance signals at 3.0 to 5.0 ppm (Newman & Tate,
1980). The high charge density of monoesters allows
rapid adsorption to oxihydroxides, which protect them
from degradation (Condron et a., 1990). Turrién et al.
(2001) found a direct relationship between the P-
monoesters and the amount of clay showing a possible
path for monoesters stabilization in soils.

Phosphatesin diester linkages (1 to-1 ppm) comprise
<1% to 34% of total spectraareaand consist mainly of
glycerol and sugar moleculeslinked by phosphate groups
(Condron et al., 1990) and phospholipids (Newman &
Tate, 1980). Nucleic acids and phosphoric acidsresidues
which serve as a link between adjacent pentoses units
could be significant stores of Pin microbial cells. They
arereadily mineralized in soils, unless stabilized by clay
mineralsor humic acids (Crecchio & Stotzky, 1998) and
are among the most soluble fractions of Po in soils
(Adams, 1990). Amelung et al. (1998) reported that the

Table 1. Values of total soil P, Pin NaOH soil extract, chemical shift (ppm) and corresponding designation(®.

Di-monoesters
ratio

11to-20

1to-1

Chemical shift (ppm)
3t035

4t05

5t059

6.8109
(P-Aryl

9to 10

(Mineral
orthophosphate) diesters)

Pin NaOH

extract

(mg kg")

Total P®

Covering plant
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(Inosytol) (P-Diesters) (Polyphosphates)

(Sugars) (Mononucleotides)

(% of total extract soil P)

Superficial layer (05 cm)

051
0.17 (0.001)
0.28 (0.11)
0.34 (0.18)
0.001

ND (4)
ND
ND

ND
5

22
<1 (<1)
14 (9)
25 (15)
<1

42
24 (56)
59 (47)
47 (42)
66

12 (17)
11 (<1)
19 (35)

ND
12

42 (23)
16 (34)
8(7)

24
17

12
13 (ND)
10 (ND)
ND
ND

ND®
9 (ND)
ND
ND
ND

158 (138)
137 (122)
121 (124)

138
147

394 (294)
258 (270)

266
280

M. atropurpureum 312 (289)

P. phaseoloides

Grass

Secondary forest

A. Pintoi

Subsuperficial layer (5—10 cm)

ND
ND
ND
ND
ND

0.20 (0.001)
0.20 (0.04)

0.13 (0.06)
0.001

0.10

ND
ND
ND
ND
ND

10
12 (6)
17 (<1)
16 (1)
<1

70 (63)
73 (25)
38 (56)

58
55

18 (31)
10 (74)
46 (43)

44

32

ND
ND
ND
ND
ND

ND
ND
ND
ND
ND

136 (196)
130 (126)
116 (131)

91
120

301 (382)
278 (288)

234

208

M. atropurpureum 310 (301)

P. phaseoloides

Grass

Secondary forest

A. Pintoi

501

(WValues in parentheses are for alkaline soil extract obtained in subplants where the shoot part of leguminous were cut and removed. @Samples digestion with H,SO, + HCIO, and colorimetric

P determination. ®Not detected.
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Figure 1. 31PNMR spectraof 0.5 mol L-NaOH soil extractsfrom 0-5 and 5-10 cm soil samplesunder secondary tropical forest,
grass (Panicum maximum), and Arachis pintoi. A: without removal of shoot part from leguminous soils plot; B: with removal of
shoot part from leguminous soils plot.
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Figure 2. 31PNMR spectraof 0.5 mol L-1 NaOH soil extractsfrom 0-5 and 5-10 cm soil samplesunder Macroptiliumatropur pureum

and Pueraria phaseoloides. A: without removal of shoot part from leguminous soils plot; B: with removal of shoot part from
leguminous soils plot.

Pesq. agropec. bras., Brasilia, v.39, n.6, p.589-596, jun. 2004



594 L.P. Canellaset al.

small amount of orthophosphate diesters produced by
plantsisvery labile, whereasthe diester P produced by
microbes is more likely to be stabilized on mineral
surfaces, possibly dueto the closer proximity of microbes
to those surfaces. The percentage of diester Pisnormally
<10% in well-drained soils (Condron et al., 1985).
Accumulation of diester P has been shown only to occur
in soils where microbial activity is restrained due to
acidity, waterlogging or low temperature (Makarov et al.,
1995).

In secondary tropical forest soils, diester P fractions
comprisearound 34% of total phosphorus. The apparent
vitality and absence of P deficiency symptoms of forest
trees suggest the existence of an efficient, however
delicate, natural P cycle. In soil extracts obtained from
leguminous plants covering, the enhancement of microbid
activity due to organic residues with low lignin/N ratio
can promote an enhancement in diester Pamount, which
could be stabilized on oxihydroxide fractions, thusbeing
protected frommineralization or accumulated during
the dry season. The P distribution in the areas with
P. phaseoloides showed the presence of additional
signalsbetween 1.0 and 1.4 ppm and at 1.86 ppm dueto
P diesters. In addition, with M. atropurpureum, an
increasein the integration of signals of diestersat 0.57,
2.57 and 1.46 ppm has been found. Thisresult suggests
that the quality of the organic residues has an influence
on OPdistribution. Regarding soil samplescultivated with
A. pintoi at 0-5 cm of depth, thesignalsdueto P diesters
comprise 12% but have been attributed solely to aryl
phosphate diesterswith aresonance at 6.8 ppm according
to Bedrock et al. (1994) and Amelung et a. (2001).
Furthermore, an increase in monoesters at 3.4 ppm has
been observed for A. pintoi covering at 5-10 cm of
depth. An increase has also been observed in P diesters
represented by asignal at 1 to -1 ppm together with the
absence of signals due to aryl phosphate diesters. The
low content of lignin and higher N content compared
with other leguminous plants could explain, at least
partially, the increase in soil biomass activity with
stabilization of aryl phosphate diesters on the superficial
layer and the increase of P monoesters in the
subsuperficial layer. Signalsfor diester Pareonly at tra-
ce levelsfor the grass alkaline soil extract.

Main differences between 3P spectra due to
vegetable cover can be easily observed through analysis
of the diester P/monoester P ratio. This value for
secondary forest samplesis0.51 indicating the presence
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of orthophosphate diesters at high concentration. Simi-
lar results were obtained by Solomons et al. (2002).
Asfor the grass soils, this ratio is much lower than the
values reported by Hawkes et al. (1984) and Sumann
et al. (1998) for temperate grass soil. The use of
M. atropurpureum and P. phaseoloides as covering
crops enhances the diester P/monoester Pratio to 0.11
and 0.34, respectively, and theratioismore closely related
to that observed for secondary tropical forest than to
the grass soil extract.

Further relevant signalswere observed at 9to 10 ppm
which can be assighed to mineral orthophosphates,
suggesting that some orthophosphate (PO4%) ions are
associated withinorganic colloidsthrough Feand Al brid-
ges. The presence of inorganic phosphates species in
soluble humic substances can be attributed to a slow
hydrolysisof organic Por, more probably, by therelease
of orthophosphate associated with humic substances
(Makarov et al., 1997). Other signals present in 31P
spectra were assigned to polyphosphates (-20.0 to
-18.0 ppm) derived from ATPin A. pintoi and grass soil
extracts and unknown SOP structures resonating at
-2.1t0 -0.8 ppm (Solomons et al., 2002) only in grass
soil extracts.

The main effects of crop residues management on
SOP distribution in 0.5 mol L-* NaOH extracts is the
increase in the diester P/monoester P ratio with the
permanence of plant residues on the soil surface. With
A. Pintoi, thisratio wasincreased from 0.11t0 0.17 and
from 0.18 to 0.34 for P. phaseoloides and
M. atropurpureum soil, respectively. Solomons et al.
(2002) observed that with better crop residue
management the surface litter accumulation reflected a
more conservative cycling of organic P in ecosystems
and lead to the increase of orthophosphate diesters
compounds, teichoic acids and phosphonates which may
apparently represent more labile organic P species.
Guggenberger et al. (1996) also observed an increase
of about 10% in Pdiestersfor the A horizon (0-10 cm)
following a change from continuous growth of grass
(Brachiaria decumbens) to a grass/legume
(B. decumbens + P. phaseoloides) pasture. In
agreement with previous reports (Alvey et al., 2001;
Daroub et a., 2001; Phiri et a., 2001) P availability
increases under soil rotation with leguminous plants.

The results obtained emphasize the importance of
leguminous plantswith respect to labile organic P species
in tropical soils and data from 3P NMR identified the
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main changesin molecular compositionin thisfraction.
Since P is anon-renewable resource, there is a need to
develop agricultural systems based on maximum
efficiency of Pusewith minimal adverse environmental
impacts.

Conclusion

Herbaceous perennial leguminous plants can help
restore soilsto their native Pfertility levelsby enhancing
the amount of P diesters, which is a labile organic P
fraction.
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