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Abstract Crop production on red soils in China is Iargel¥ntroduction
limited by the low availability of phosphorus, which is fre-
qguently attributed to the adsorption of phosphate by vafihe utilization rate of P fertilizers to plants within the
able-charge minerals including Fe and Al oxides and kagrowing season is very low in variable-charge soils (Ste-
linite. Isotopic tracing analysis and soil incubation wereenson 1986; He et al. 1992). The specific adsorption of P
carried out to investigate the desorption and microbiah variable-charge minerals such as Fe, Al oxides and
transformation of applied specifically sorbed P in two pHkaolinite has been shown to be responsible for the low
contrasting light-textured soils. A rapid release of P fromlant availability of both applied P and indigenous soil P
the added mineral-P surface complex in the two test@®arrow 1980; He et al. 1991a; Parfitt 1978). Laboratory
soils was observed. Most of the released P was recoveasd greenhouse studies indicated that specifically sorbed P
in a 0.5M NaHCG; extract and in soil microbial biomass.was potentially available to plants although it was very
Microbial biomass*P was detected at early stages of indifficult to desorb (Parfitt 1979; He et al. 1994 a), which is
cubation and reached up to 10-30% of the adtf@d Ap- in agreement with the long-term residual effect of P fertil-
proximately 50-70% of the added complé%, varying izers in variable-charge soils (Barrow 1985). The increased
between minerals and soils, was extractable in tl@ailability of soil P to plants in the rhizosphere is usually
0.5M NaHCOQ; at 75 days after incubation for the acidattributed to root activity, especially higher phosphatase
soil but up to 120 days for the neutral soil. Microbial bioactivity in the rhizosphere than in the bulk soil (Marschner
mass-P plus 0.8 NaHCOs-extractable®’P accounted for et al. 1991; Tarafdar and Jungk 1987). However, it has
more than 60-80% of total added compféR: implying been shown that the specifically sorbed P can be effi-
high desorption and transformation of the specificallgiently used and consequently transformed into organic P
sorbed P in the two soils. There was more inorgaliie fractions by some microorganisms (He and Zhu 1996).
than organic®®P in the NaHCQ extract, suggesting thatApplication of organic manures generally considerably en-
chemical release of specifically sorbed P was dominahtinces the plant availability of soil P, which is likely re-
Ligand exchange and chemical desorption due to a chataed to a boom of microbial growth due to the fresh sup-
in environmental conditions such as pH and ionic strengty of energy materials (Yang et al. 1994). Moreover, the
are likely the major mechanisms responsible for the cherhigher phosphatase activity in the rhizosphere could be
cal release of specifically sorbé@P in the tested soils. due to enzyme released or associated with microorganisms
whose growth is stimulated by root exudates and/or by en-
zymes present in plant remains (Tarafdar and Claassen
Key words Phosphorus - Specifically sorbed - Soils - 1988). It is, therefore, hypothesized that microbial transfor-
Transformation - Microorganism mation plays a crucial role in the increased availability of
fertilizer P and indigenous P in rhizosphere and may be re-
sponsible for the long-term residual effect of fertilizer P in
variable-charge soils. In addition to providing P through
mineralization, application of organic manures may also be
responsible for the long-term residual effect of fertilizer P
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P from a specifically sorbed source to the labile P poGfeeurts
The dynamics of inorganic and organit® in the labile P
pool and microbial biomas¥P were determined to char-In the acid sandy soil 0.81 NaHCOs-extractable®?P in-
acterize the desorption and microbial transformation ofeased with incubation time to a peak at 75 days and de-
added specifically sorbetfP in contrasting pH and fertili- creased thereafter for all the tested mineral-P complexes
ty soils. (Fig. 1), indicating that the specifically sorbé& was re-
leased into the soil-labile P pool. The WBNaHCO;-ex-
tractable®?P in the neutral silty soil as a function of incu-
bation time (Fig. 2) was different from that in the acid
Materials and methods sandy soil. The labilé®P in the neutral silty soil increased

. . . o with incubation time up to 120 days for montmorillonite-P
Phosphorus-mineral surface complexes including kaolinite-P, goethlé?id Al oxide-P complexes, but increased up to 75 days
P and Al oxide P were prepared by equilibrating a known amount 0 . ! .
the mineral with 3%P-labeled P solution (55.8 dpmgP). The and then remained constant for kaolinite-P. As for the
amount of>*P added was equivalent to 90% of sorption saturatiogoethite-P complex, the pattern of NaHgExtractable
based on a previously determined P sorption isotherm. After remo 3P with time was similar to that in the acid sandy soil.
of loosely bound P by washing with deionized water, the mineral-P  Ergctionation of NaHC@extractable”P indicated that

complex was resuspended prior to use in soil incubation. The sou . .32 -
and properties of the tested minerals have been described eIsewﬁi%égamC P was greater than orgarﬁEP for all mineral-

(He et al. 1991a). Two light-textured soils with contrasting pH an# complexes at all incubation stages except that the inor-
fertility were selected for the incubation study. The neutral silty soganic and organiézP were nearly equal for montmorillon-
was more fertile and productive than the acid sandy soil. Some chefg-P and Al oxide-P complexes during the 10-25 days in-

ical properties of the tested soils are described in Table 1. Orga . . . . - . )
carbon was determined by the chromate-oxidation method (Nels lﬁbatlon period in the acid sandy soil (Fig. 1). These re

and Sommers 1982), soil texture by a pipette method (Day 1965) addlts show that chemical release of specifically sorbed P
clay mineral composition analyzed by X-ray diffraction techniquewas dominant. Exchange 6fP by soil 3P and chemical

(Whittig 1965). Fresh soil samples from the 0-15 cm depth were celesorption of>%P because of a change in environmental

Ibea(n:ttigﬂ from the field and passed through a 2-mm sieve prior to incsnditions such as pH and ionic strength are likely the

' mechanisms involved in the chemical release of specifi-

cally sorbed P into labile soil P pool. Chemical release of

Incubation study 32p from any mineral-P complex was more obvious in the

Fresh soil samples (equivalent to 300 g oven-dried soil) were Weighngutrall silty sail than in the acid sandy soil (Figs. 1,2). Or-
- ‘32
and thoroughly mixed with the mineral-P complex. The amount (§ nic**P was detected at an early stage (day 10) but the

complex P added was 100 mg P kgsoil. A proper amount of glu- dynamic pattern of organit’P in the labile P pool varied
cose was added to bring the C/P (initial soil-labile P extractable between soils and mineral-P complexes. In the acid sandy
0.5MNaHCQ; plus the complex-P added) ratio to 60. Nitrogeoijl, organic3?P reached a maximum at days 25 and 50,

(150 mg kg*, as NH,NOg) and potassium (100 mgky as K,SOy) - Hlanita. g i
were also applied to ensure that the nutrient requirement of microFJ _spect|vely, for montmorillonite-P and kaolinite-P com

ganisms was met. The moisture of the soil was adjusted to 0.3 bar BI€X and at day 75 for goethite-P and A|'02Xid_e'P complex
cording to a prior determined tension-moisture relationship curve. Theig. 1). In the neutral silty soil, organid?P increased
soil container was weighed every other day and the lost moisture watgadily up to the end of incubation (day 120) but there

supplemented. The soil samples were incubated &€28 a tempera- ;
ture-controlled chamber. At intervals of 10, 15, 25, 50, 75 and 1%as a weak peak at days 25 and 75, respectively, for

days, subsamples were analyzed for M.5laHCOs-extractable inor- goethlte-P and Al OXIde-'l3 complex (Elg. 2).

ganic and organié?P, and microbial biomas¥P. The specific activ-  Microbial transformation of specifically sorbed P was
ity of 3P was measured with a liquid scintillation counter. The decaffected by both soil properties and mineral-P complex
of 3% and the quenching effect of the extractant were automaticallyaracteristics. In the neutral silty soil, a high percentage

corrected for by a computer program with input of time data and & 32 .
previousglgl determined quench curve. Fractionation of organic and ﬁif P was detected by NaHGOextraction at an early

organic 3P in the 0.5V NaHCQ; extract was done by using acti-Stage of incubation (in 10 days) and more than 70% of the
vated charcoal to remove organic materials from the extract and mdiHCQO;-extractable®?P was in the inorganic form from
suring the specific radioactivity of?P in both the %ieginal extract || the added mineral-P complexes (Fig. 2). These results
(total *“P) and the charcoal-treated solution (inorgarfie) (He et al. ; _ ;. : ; ~ .
1994b). Organi¢?P was obtained by the difference between the rorpdicate that P 'd'esorptlon fr.O”? mineral-P complex dO”.“
32p and the inorganic?P in the extract. Microbial biomaséP was hated at the initial stage (within 50 days), and microbial

measured by a fumigation extraction procedure (Brookes et al. 1982jansformation of specifically sorbetfP increased at later

Table 1 Selected physical and chemical properties of soils

Soils Texture pH Orgalnic C Olsenl-P Clay mineral composftion

S — (9kg™) (mgkg™)

H>O KCI
Acid sandy loam 65% sand, 18% silt, 17% clay 4.6 3.9 6.5 2.7 K (0.5), Chl(0.4), oxides(0.1)
Neutral silty loam 30% sand, 60% silt, 16% clay 7.8 7.2 18.0 35.7 111(0.4), Verm(0.3), mica(0.3)

&K kaolinite, Chl chlorite, Il illite, Vermvermiculite; values inside the parentheses are relative amounts of each mineral in the clay
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Fig. 1 Dynamics of NaHC@-extractable®?P from added mineraP in acid sandy soil
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Fig. 2 Dynamics of NaHC@extractable’P from added minerafP in neutral silty soil

times (50-120 days) in the neutral silty soil. In the acidept for kaolinite-P, for which inorganié®® was much
sandy soil, organi¢P was similar in amount to the inor-greater than the organitP in the NaHCQ extract at this
ganic P at an early stage for all mineral-P complexes estage (Fig. 1), implying that microbial transformation plays
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Fig. 3 Transformation dynamics of added specifically sorB&in acid sandy soil
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Fig. 4 Transformation dynamics of added specifically sorB&in neutral silty soil

a more important role in the transformation of specifically Microbial-biomass®**P increased with increasing incu-
sorbed P for the acid sandy soil than for the neutral silbation time, and reached a maximum at 25 days for kaoli-
soil. nite-P and montmorillonite-P, but increased steadily up to
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Table 2 Transformations (% of total addédP) of added specifically sorbedP in soils at the end of incubation (120 days)

Soils Mineral-P 0.3V NaHCOs-extractable Biomas¥P Extr>?P+  Residuaf?P

complexes 32p (extr3?P) (bio32P) bio32P
Organic Inorganic Total

Acid sandy loam Kaolinite-P 11.3 54.9 66.2 6.6 72.8 27.2
Montmorillonite-P 4.0 72.8 76.8 2.9 79.7 20.3
Goethite-P 28.1 18.7 46.8 4.7 515 48.5
Al oxide-P 19.3 43.6 62.9 16.3 79.2 20.8

Neutral silty loam Kaolinite-P 31.0 42.9 73.9 5.4 79.3 20.7
Montmorillonite-P 31.3 40.8 72.1 8.1 80.2 19.8
Goethite-P 6.6 32.8 39.4 1.3 40.7 59.3
Al oxide-P 15.8 44.1 59.9 21.0 80.9 19.1

the end of the incubation (120 days) for goethite-P and Abrbed on these variable-charge minerals, and the desorp-
oxide-P in the acid sandy soil (Fig. 3). In the neutral siltsion of the sorbed P is very difficult and slow in agueous
soil, microbial biomas$2P reached a maximum within thesolutions such as 0.04 CaClb and 0.02Vi KCI (Hingston
incubation time for all the tested mineral-P complexes, bat al. 1974; Ryden et al. 1977; McLaughlin et al. 1981,
in the time when the peak appeared varied greatly betwedaldberg and Sposito 1985). However, the model liquid
complexes: 25 days for montmorillonite-P, 50 days fanay be very different from the soil solution. The soil solu-
goethite-P and 75 days for both kaolinite and Al oxide-Bon, particularly in the rhizosphere, contains not only in-
(Fig. 4). It appeared that the incorporation®8P from the different inorganic ions such as €aCI, K" and N& but
mineral®?P complex into soil microbial biomass laggedlso organic and inorganic ligands which can desorb the
far behind that of solublé®P, for which soil microbial bio- specifically sorbed P through ligand exchange or competi-
mass3’P reached a peak in a week (unpublished datéiye adsorption (Lopez-Hernandez et al. 1986; Marschner
Such a delay i*?P incorporation into soil microbial bio- et al. 1990; Nagarajah et al. 1970; He et al. 1990a;
mass indicates thaP must be desorbed into solution be1990b; 1992). Results from this study provided evidence
fore it is absorbed by microorganisms. As a whole, micreghowing that considerable desorption of specifically
bial biomass**P accounted for a small fraction of totakorbed P did occur even in bulk soil under both acid and
added®?P, 5-10% for the acid soil and 10-20% for theeutral conditions (Figs. 1,2). The transformation of speci-
neutral soil. However, as shown in Figs. 1 and 2, the cofieally sorbed®?P was 70-80% of total addedP for kao-
tribution of microbial biomass to the labile P pool waéinite-P, Al oxide-P and montmorillonite-P and was around
guantitatively more important because from 25 to 40% 60% for goethite-P in the two soils (Table 2). This showed
the NaHCQ-extractable*®P was found in the organicthat release of?P from the complex was both rapid and
form. considerable. Many factors could affect P release in sail,
It is commonly accepted that NaHG@xtractable P but chemical desorption appeared to be one of the domi-
and microbial biomass-P could be the most important iant processes involved. The isotopic exchange of the spe-
pools readily or potentially available to plants (Smith andifically sorbed3?P by soil 3P could not be excluded
Paul 1991). The results from this study showed that tfim possible desorption. But the results indicate that the
specifically sorbed P, added to the soil, was potentialhdded specifically sorbedP is in equilibrium with the
available to plants. Up to the end of incubation, the susoil solution P, and is readily or potentially available to
of NaHCOs-extractable®P and microbial biomas¥P plants.
accounted for 70-80% of totdfP added in the form of A laboratory culture study demonstrated a high utiliza-
mineral-P complex except for goethite-P in the two soition and transformation of the specifically sorbed P by in-
tested (Table 2). The potential availability of specificallpculated soil microorganisms (He and Zhu 1996), imply-
sorbed P for the four tested mineral-P complexes increased that soil microorganisms have great potential for use
in the order of geothite P<<<kaolinite-P<<<montmorillonand transformation of specifically sorbed P. But under soil
ite-P=amorphous Al oxide-P in the acid sandy soil whilstonditions, the growth of microorganisms is largely lim-
the order was geothite-P<<<kaolinite-P=montmorillonitéted by other factors such as the availability of organic C,
P=amorphous Al oxide-P in the neutral silty soil (Table 2hutrients, moisture, inhibiting substances and soil fauna
grazing them. Thus, the microbial utilization efficiency of
specifically sorbed P was much lower in soil than in cul-
Discussion ture media. Results obtained from this study show that mi-
croorganisms play an important role in the transformation
Kaolinite and Fe, Al oxides have long been recognized aé specifically sorbed P in soils as evident in the high per-
major soil components responsible for P fixation in varcentage of organié®P in the NaHCQ extract. Moreover,
able-charge soil (Parfitt 1978; Barrow 1985). This conclumicroorganisms can release low molecular weight organic
sion is based on findings that phosphate is specificaligids, such as citric and oxalic acid (Kucey et al. 1989),
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thus enhancing the desorption of specifically sorbed Hrrow NJ (1985) Reaction of anions and cations with variable-
through ligand exchange by these organic anions (He et BarI.Chafge soils. Adv Agron 38:183-230

: ; : : .Brookes PC, Powlson DS, Jenkinson DS (1982) Measurement of soil
1992). The role of microbial transformation in the avail- microbial biomass phosphorus in soil. Soil Biol Biochem 14:377—

ability of soil P was also evident from the field observa- 3g5
tion that application of organic manure generally increasbay PR (1965) Particle fractionation and particle size analysis. In:
soil P availability and improves crop growth (Yang et al. Black CA, Evans DD, Ensminger LE, White JL, Clark FE (eds)

: ; ; ethods of soil analysis, part 1. ASA, Madison, WI, pp 545-566
1994). One of the mechanisms responsible for the 'ncreﬁso%/lberg S, Sposito G (1985) On the mechanisms of specific phos-

in aya"able Pis "ke!y r9|at3d_t0 the b?neﬂCial effect of or- " phate adsorption by hydroxylated mineral surfaces: a review.
ganiC manure on microorganisms Wthh, in turn, Speed up Commun Soil Sci Plant Anal 16:801-821
the turnover of soil P. He ZL, Zhu J (1996) Microbial utilization and transformation of P

i _sorbed by variable-charge minerals dominant in China red soils.
Ml.JCh V}Iolgkbhas begln dﬁne on .the aldsol_:ptlon and dle Proc Int Sym Plant-Soil Inter at Low pH. March 17-24, Belo
sorption o Yy varianle-charge minerals ( Ingston et al. Horizonte, Brazil

1974; Ryden et al. 1977, McLaughlin et al. 1980; Goldde zL, zhu ZX, Yuan KN (1988) Phosphate desorption from some
berg and Sposito 1985). However, the bioavailability of important clay minerals and typical groups of soil in China: 1.
phosphate sorbed by individual variable-charge minerals is Hysteresis of adsorption and desorption. Acta Agric Univer Zhe-

. . . . . . Jiang 14:256-263
not well defined. In our previous study, using an isotop ZL, Zhu ZX, Yuan KN (1989) Phosphate desorption from some

exchange mEthOd to assess th? fixation and availability oefimportant clay minerals and typical groups of soil of China: 2. Ef-
sorbed P, it was found that a high percentage of P sorbedfect of pH on desorption. Acta Agric Univer Zhejiang 15:441-448
by kaolinite and Al oxide was isotopically exchangeabléie ZL, Zhu ZX, Yuan KN (1990a) Kinetics of phosphate desorption

especially at high sorption saturation. Phosphorus sorbedfrgrgs‘ﬁggg'e'Charge soils. Trans 14th ICSS, Kyoto, Japan, V.2,

on goethite was less exchangeable but its eXChangeabNBPZL, Zhu ZX, Yuan KN (1990b) Effect of organic ligands on
was much higher than that predicted by desorption in aqu- phosphate adsorption by hydrous iron and aluminum oxides, kao-

eous solution (He et al. 1991 a). Pot experiments with rice linite and red earth. Acta Pedologica Sinica 27:377-384

plants indicated that P uptake by plants from the mineralt® ZL. Zhu ZX, Yuan KN (1991a) Assessing the fixation and avail-
ability of sorbed phosphate in soil using an isotopic exchange

complexes was quantitatively comparable to the iSOtopi- ethod. J Soil Sci 42:661-669

cally exchangeable P but much more than the desorbedidzL, yuan KN, zhu ZX (1991b) Physico-chemical indexes for
(He et al. 1994 a). Results from this study demonstrated assessing plant availability of P in soil. Acta Pedologica Sinica
that kaolinite-P and Al oxide-P were relatively ready tp 28: 302-308

. . . . . ZL, Yuan KN, Zhu ZX (1992) Effect of organic ligands on phos-
desorb or subject to microbial transformation, and retam"’fphate desorption. Pedosphere 2:1-11

from leaching while acting as important sources of availre 7L, Yang X, Zhu ZX (1994a) Desorption and plant availability of
able P. Therefore, kaolinite and Al oxides may serve more phosphate sorbed onto some important variable-charge minerals.

as an important carrier of than a sink for available P in Plant and Soil 162:89-97

- - _ i ZL, O'Donnell AG, Syers JK (1994b) Oxidation and subsequent
soils, and mineral-P complexes, such as kaolinite-P and Iiﬁtransformation of elemental sulphur in soils. J Sci Food Agric

oxide-P, could be potentially used as P fertilizer for light- g5-59_g5

textured soils where P leaching is often a problem (Vlahegnhgston FJ, Posner AM, Quirk JP (1974) Anion adsorption by
et al. 1989; Ward and Summers 1993; Weaver et al. goethite and gibbsite: Il. desorption of anion from hydrous oxide
1988 a; 1988b). Goethite-P was relatively stable to desow-surfaces- J Soil Sci 25:16-26

. d icrobial f . . il B h ucey RMN, Janzen HH, Leggett ME (1989) Microbially mediated
tion and microbial transformation In solls. But the ¢ eaqeq in plant-available phosphorus. Adv Agron 42:199-228

goethite-P was found to be as available as kaolinite-P @jpez-Hernandez D, Siegert G, Rodriguez | (1986) Competitive ad-
Al oxide-P to microorganisms with a laboratory culture sorption of phosphate with malate and oxalate by tropical soils.

study (He and Zhu 1996). Obviously, more research js Soil Sci Soc Am J 50:1460-1462

. AU . arschner H, Romheld V, Zhang FS (1990) Mobilization of mineral
needed to understand the chemical fixation of P in VaN_ nutrients in the rhizosphere by root exudates. Trans 14th Int

able-charge soils. Congr Soil Sci, Kyoto, Japan, V.2, pp 158-163
McLaughlin JR, Ryden JC, Syers JK (1981) Sorption of inorganic
phosphate by iron-, aluminium-containing components. J Soil Sci
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