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ABSTRACT 

In two glasshouse experirrents, I.eucaena leucocedlala was grc,,.m in 

different soils adjusted to several levels of available P, with half of 

the treatments inoculated with the vesicular-art>uscular mycorrhizal 

(VAM) ~ Glomus aggregaturn. 

'Ihe first experirrent used two soils with different mineralcqies 

but similar P buffer capacities. F.ach soil was adjusted to three P 

levels, arrl half of the treatments were fumigated with methyl branide. 

Fumigation decreased plant grCMth, 'While VAM inoculation arrl added P 

increaserl it. 

In the secorrl experirrent, four soils were used. 'Ihe soils were 

selected to provide a wide rarge of P buffer capacities. All soils 

were :ftnnigated arrl each was adjusted to nine P levels. An equation 

incxJrporating soil solution P concentration, soil P buffer capacity, 

arrl VAM inoculation accounted for 91% of the variation in plant P 

uptake. 
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REVIE'W OF 'IHE LITERA'IURE 

Introduction 

Vesicular-arbuscular mycorrhiza (VAM) infections of plant roots 

can increase plant growth (Baylis 1967, 1970; Mosse 1973; Yost arrl 

Fox 1979; Plenc:hette et al. 1983; Sdmbert & Hayman 1986) • '!his 

growth increase is often attributed to .ilrproved i:flosp.orus (P) uptake 

by mycorrhizal plants (Baylis 1967; Mosse 1972), arrl deperrls on plant 

arrl VAM fungus species, soil arrl environmental dlaracteristics, arrl 

interactions arrong these cxxrponents (Mosse 1982; Bolan arrl Rd:>son 

1984; Hayman arrl Tavares 1985; Giovannetti arrl Hepper 1985; SUbba 

Rao et al. 1985). Inoculating soils with VAM fungi may increase crop 

yields, especially where soils are lCM in P. such soils are a::mron in 

Hawaii arrl the tropics (Sanchez arrl Uehara 1980). 

To successfully manage the plant-VAM symbiosis, we must know hCM 

soils, plants, arrl mycorrhizae interact. We need to know the capacity 

of the soil to supply P arrl other nutrients to different crops, arrl hCM 

each crop respo:rrls to inoculation with mycorrhizae at different levels 

of soil i:flosphorus. 

We must learn the degree to which specific crops deperrl on 

mycorrhizae (Yost arrl Fox 1979) arrl hCM species of VAM differ in their 

capacity to supply P to these plants (Hall 1984; Mosse 1972). We must 

investigate hCM differences in soil P affect crop responses to dif

ferent mycorrhizal species (Mosse 1972; Bethlenfalvay et al. 1982,g; 

Ojala et al. 1983; Giovannetti arrl Hepper 1985). We nust be able to 
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neasure the existin;J VAM pop.llation in the soil (lt>sse 1977) arrl to 

detennine whether toxic elements are present in detrimental ann.mts 

(Gildon arrl Tinker 19839 ). 

Vesicular-Arbuscular Mycor:rhizal F\J.rqi (VAM} 

Vesicular-arb.lscular mycon:hizal fungi belon:;J to the family 

Errlogonaceae (Gerdernann arrl Trappe 1975), arrl are obligate symbionts of 

plant roots. 'Ihese errlophytes exist quiescently in the soil until 

contact with roots or root exudates stimulates them to genninate arrl 

produce hYFhae (Graham et al. 1981: Schwab et al. 1983). 'Ihe hYI=hae 

then penetrate the plant roots, where they develop distinctive art:>us

cules (highly branched organs of contact arrl exdl.an:;Je) arrl vesicles 

(globular storage organs). Hyp'lae also exterrl fran root surfaces into 

the soil, sometimes to 7 centbooters (Rhodes arrl Gerdernann 1975). 

Because mycon:hizal infection arrl P fertilizer a:pplication have 

each auqIT6lted plant gro.vth in similar circurn.stances, the fungi have 

been credited with increasin;J the P supply of the host plant (Baylis 

1967: lt>sse 1972). In return, the funJus obtains carbohydrate fran 

its host (Lewis 1975). However, where P is readily available in soil, 

VAM infections may reduce crop yields (Bethlenfalvay et al. 19829 : 

Bethlenfalvay et al. 1985: Pacovsky arrl Fuller 1985: Schubert arrl 

Hayman 1986). 

In addition to enhancin;J plant P nutrition, mycon:hizae may 

increase plant uptake of zinc, copper, iron, sulfur, magnesium, arrl 
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potassium (Rhodes an:l Gerdemann 1978; swaminathan an:l Venna 1979; 

Gildon an:l Tinker 19831;;?; Ojala et al. 1983; Kucey an:l Janzen 1987) • 

Many species of vesicular-arl:luscular myoon:hizal flln:Ji fonn 

effective symbioses with a variety of hosts (Mosse 1972, 1975; Schubert 

an:l Hayman 1986). 'Ihe furgal species differ in their capacity to 

increase plant grc,.vth, an:l sarre host--en:iq:ilyte associations may be m::,re 

effective than others (Giovannetti an:l Hepper 1985). 'Ihis effect also 

deperrls on soil an:l envirorarental oorrlition.s, particularly on the 

availability of Pin the soil an:l 'Whether other nutrients limit plant 

grc,.vth (Miller et al. 1986). 

Plant Associations with WM 

Many plant species, both wild an:l cultivated, fonn symbiotic 

associations with myoon:hizal ~i an:l deperrl on them for a part of 

their nutrient supply (Kruckelmann 1975; Read et al. 1976), but to 

varying degrees (Mosse et al. 1973; Kruckelmann 1975; Yost an:l Fox 

1979) • Sare plants require high levels of soil P to grow in the 

absence of WM; others show little or no response to WM inoculation 

at any soil P level (Yost an:l Fox 1979; Sparling an:l Tinker 1978). 

Plants that need high levels of soil P 'When 9rc:M1 without WM 

(''myoon:hiza dependent" plants) often have relatively thick roots with 

few or short hairs (Baylis 1970 an:l 1972) • Root m::,rphology may not 

suffice to predict myoon:hizal deperrlency, because the inability of 

sarre nonrnyoorm.izal roots to obtain P 'When soil solution ooncentration.s 
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are lCM may also be, to sane degree, a µiysiological factor (Mosse et 

al. 1973). 

I.eucaena leucxx::ephala 

I.eucaena leucxx::ephala ("leucaena") readily fonns symbioses with 

vesicular-arbuscular rnycorrhizal :fun:Ji an:i respords to inoculation with 

VAM even at high levels of available roosrhorus. I.eucaena also fonns 

symbiotic associations with nitrogen-fi.xin;J soil bacteria bel~irg to 

the genus Rhizobiurn, which enable it to utilize at:rrosµieric nitrogen 

(Nz) • 

'!he grc:Mth habit of leucaena ranges from shrubby to arl:x:>real, 

deperrling on the variety an:i the envirornnent, with the largest trees 

reaching a height of about 20 meters. I.eucaena is a native of semi

arid tropical lc:Mlards, an:i it c::arpetes well in areas that have 

occasional droughts. It has bipinnate leaves with small pinnules, an:i 

avoids drought stress by dropping the pinnules when water is not 

available. As soon as water becorres available it initiates flc:MerS, 

an:i continues to produce buds as long as the water supply lasts. 

D-.lring wet periods one can easily fin:::i branches of L. leucxx::ephala 

bearing, in progression from the meristem of the branch to the trunk, 

fla,.rer buds, mature fla,.rers, an:i y~, older, an:i ripe seed pods. 

I.eucaena grc:,.vs quickly, an:i the wood can be used for fuel an:i the 

trunks for JX)les in fences an:i srrall buildings. It also regrcMS 

rapidly after cutting, which enables it to survive grazing an:i makes it 
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useful as a perennial fcx:lder and green manure crop. In sare places, 

people eat the unripe seedpods. 

Because of its many uses, its fast rate of growth, and its 

ability to thrive in areas of unpredictable rainfall, lines of I.eucaena 

leucocephala have been selected and bred for use in develcping 

countries. In a small fanoor's haoostead, leucaena can provide animal 

feed, firewood, green manure, and poles for construction. In govern

ment projects, large-scale plantings of leucaena have been done in 

marginal areas for reforestation, erosion control, p..ll.~ prc:rluction, 

and bianass prc:rluction for energy. 

A psillid insect parasite of I.eucaena leucocephala has recently 

spread through Asia and the Pacific. 'Ihis insect feeds voraciously on 

emerging shoots, defonnin;J leaves and severely reducing plant growth. 

'Ihis has stimulated a search for other woody plants that are less 

susceptible to insect damage than leucaena, yet share leucaena's 

ability to fonn symbiotic associations with Nz-fixin;J bacteria, grow 

quickly, supply firewood and poles, prc:rluce green manure, provide fcx:xi 

for animals, survive drought, and regrc:M rapidly after grazing or 

cutting. 

Soil Fhosphorus: Intensity, Quantity, and capacity 

Fhosphorus is essential to plants. lDN availability of soil Pis 

the primary constraint to plant growth in many highly weathered tropi

cal soils (Sanchez and Uehara 1980). 
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FhOS?'lonis occurs in soil in both the liquid phase (soil 

solution) arrl the solid phase (mineral arrl organic matter). '!be liquid 

phase, where P exists in the fonn of the orthqilC>S?1ate ions l¥tf arrl 

Hro/ (Ozanne 1980), is the direct source from which plants arrl mycor

rhizal ~i assimilate P (Sarrlers arrl Tinker 1971; 1'bsse et al. 1973; 

Tinker 1975). As }:il~te is absorbe:i by plants arrl ~i, the soil 

solution is replenished by the dissolution of P from the solid phase 

(Barber 1984). 

Orthqil~te ions migrate between the soil solution arrl the 

solid phase. Solid-phase P that cannot exchange with solution P is not 

accessible to plants; therefore, from the standpoint of plant nutri

tion, the P of interest is that in solution arrl the labile P (the 

solid-phase P that exchanges with the solution). Availability of P to 

plants is largely detennined by the magnitudes of these two forms of P 

arrl their relationships (Barro.v 1967; Rajan 1973; Holford 1976; 

Holford arrl Mattingly 1976~). 

In nost soils, nearly all the }:ilosphonis is in the solid phase: 

sane is incorporated in the organic matter; sane is sorbe:i on the 

surfaces of clay particles; sane is trapped (occlud€d) by formation of 

mineral coatings on top of the layer of sorbe:i P; arrl sane is secured 

in the crystal lattices of P minerals (Sarrple et al. 1980). 'Ihe labile 

Pis primarily that on the surfaces of clay particles (Beckett arrl 

White 1964). In a given soil, labile P deperrls on several factors, 

including soil mineralogy, aroc>Unt of P in the soil, arrl time allowed 

for reaction between soil arrl added P (John 1972; Mattingly 1973; 

Lirrlsay 1979; Sample et al. 1980; Jones 1981) • 
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'!he ratio of solution P to labile P differs am:in; soils. It also 

cban;Jes within the same soil when P is rerroved or added. '1he slq:>e of 

the cw:ve relat~ the quantity "Q" of labile P to the intensity "I" of 

solution P defines "C", the capacity of the soil to buffer the solution 

P concentration (Barrc:M 1978; Nair arrl Men;Jel 1984) . 

dQ/dI = C (1) 

In nost soils the slq:>e of a plot of this relationship decreases 

as Pis added to the soil (Figure 1). Conversely, as Pis reroc,ved fran 

the soil, the slq:>e of Q/I increases. 'Iwo rrechanism.s explaini..n; this 

behavior are described below. 

(1) SUrfaces of clay particles might have an assortment of sites 

that sorb P with different energies (Barrc:M 1983.f!). Sites with higher 

borrlin;} energies would retain P IOC>re stron;ly arrl would be occupied 

before sites hav~ lower borrlin;} energies. As IOC>re Pis added, the 

additional Pis held less strongly (lower born.~ energy), thus the 

buffer pc.Mer of the soil is decreased. 

(2) Sorption of :Ei1osphate on the surfaces of variable-charge 

clay increases the negative charge on those surfaces (sample et al. 

1980), arrl decreases the affinity of those surfaces for additional 

:Ei1osphate (Barrc:M 1978). 
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Figure 1. P sorption a..uves for four soils. 



Reactions Between Soils arrl P Fertilizers 

When Pis added to the soil solution, pertiaps by the dissolution 

of fertilizer, it can be rerroved from solution (fixed or retained) by 

any or all of the follavin:J rrechanisrn.s: absorption by plants arrl soil 

microbes; adsorption on the surfaces of clay particles; occlusion, in 

which mineral coatin:Js fonn on top of a layer of sorbed P; or precipi-

tation as P minerals (Sarrple et al. 1980). On a short tei:m basis, 

adsorption by soil minerals seems to cx:mtrol P from added phosphate 

('Ihanas arrl Peaslee 1973; Holford 1979). 

P sorption is effected by the fonnation of chemical boms of 

varyin:J strengths between orthq:ilosphate ions arrl ca carbonates arrl Al 

arrl Fe oxides on the surfaces of soil particles ('Ihanas arrl Peaslee 

1973; Sarrple et al. 1980) • Differences in P sorption by soils are 

attributed to differences in specific surface area arrl mineraloqy, 

original P status, arrount of P added, arrount of water present, terrper

ature, arrl ti.Ioo allaved for reaction (Henry 1961; ~ arrl Shaw 

1981; Jones 1981; Merrloza arrl ~ 1987). 

Follaving the initial, relatively fast sorption reactions, slower 

chemical processes occur in which orthq:ilosphate ions migrate from 

sites of relatively high free energy to sites of laver free energy, 

possibly even penetratin:J inside the crystal lattices of mineral 

particles by solid-state diffusion(~ 1983_e). Diffusion of Pinto 

the micropore space, which is extensive in highly aggregated tropical 

soils, would rerrler this P physically inaccessible to many plants (R. 
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s. Yost, personal camnunication). 'Ihese processes decrease P availabi

lity as tirre elapses after phosµ-iate fertilizer applications. 

Generally, oxides of iron have a higher affinity for P than those 

of aluminum, with the anorp1ous hydrated oxides of these metals 

retaining P nost strorxJlY, follc,..Jed by crystalline hydrated oxides, an::i 

finally by nonhydrated crystalline oxides (Henry 1961; Fox et. al. 

1968) • But because it is a chemical reaction between orthqn~te 

ions an::i reactive sites on the surfaces of soil particles, P sorption 

is nore closely related to the character an::i extent of the different 

P-sorbin;J surfaces than it is to the soil's percentage mineral 

carposition (Jones 1981). 

Soil Properties Affecting the Sµpply of P to Plants 

'Ihe concentration of Pin the soil solution at the root's surface 

must be maintained at a nonlimitin;J level to support gcx::x:i plant~

'As plants extract P from solution at the rcx:>t surface, two processes 

sustain solution P intensities: release of P frorn the solid~ into 

the solution, an::i noveirent of P to the rcx:>t through the soil. 

'Ihree soil properties-the P concentration in the liquid~' 

the capacity of the solid~ to deliver P, arrl the rate of noveirent 

of P through the soil-are the main soil factors that control the 

delivery of phosphorus to plants (Olsen et al. 1962; Olsen an::i 

Watanabe 1970; Schenk arrl Barber 1979; Silberbush and Barber 1983g). 

'Ihe nature of these factors arrl hc,..J they operate in a given situation 

is detennined by such soil properties as clay content of the soil 
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(Olsen arrl Watanabe 1970), soil mineralogy arrl surface area (Herny 

1961; Fox et al. 1968; Jones 1981) , arrl rroisture content of the soil 

(Olsen et al. 1962; Holford et al. 1985). 

Soil P Intensity 

Sane researchers have advised that maxinn..nn plant grcMtll can be 

attained by adjusting soil solution P to a concentration ("critical 

intensity") that is characteristic for eac.h plant species or variety 

(Ozanne arrl Shaw 1967; Fox arrl Kanprath 1970; Peaslee arrl Fox 1978; 

Meyer 1980; Moody arrl Starrlley 1980; O:irdy et al. 1981; 1'body et al. 

1982; Moody et al. 1883). others have reported that critical inten

sities decrease as soil P buffer capacity increases (Barrc:M 1967; 

Olsen arrl Watanabe 1970; Rajan 1973; Holford 1976; Holford arrl 

Mattingly 1976g) . 

'Ihe effect of capacity on critical intensity may differ between 

greenhouse arrl field trials. 'Ihe limited volume of soil in pots limits 

the quantity of P accessible to plants gn:Mn in the greenhouse as 

corrpared to those gn:Mn in the field. Root exploitation of soil in 

greenhouse pots is intensive arrl root competition is greater than in 

the field. 'Ihus, the :EX)Ol of labile P is usually drained rrore severely 

in greenhouse situations, accentuating the inportance of quantity arrl 

capacity factors in greenhouse experiments relative to field trials 

(White arrl Haydock 1968; Salnon 1973; Holford et al. 1985; Holford 

arrl CUllis 1985). 
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Diffusion of Pin Soils 

'!here are three IOOdlanism.s by which rcots can get ~te: (1) 

rcots can grc,.., into un:iepleted soil (extension); (2) P can IOCJVe to 

roots with the transpirational stream (mass flOW'); or (3) P can nove 

to roots dOW'n a CX)ncentration gradient (diffusion} that plants produce 

in absort:ii.n;J :i;tios{i1ate (Barber et al. 1963) • 

A simple calculation shOW'S that irost of the P incorporated by 

plants reaches root surfaces by diffusion, not by mass flOW' or by root 

extension (Bouldin 1961; Olsen et al. 1962) • Usin;J O. 2 rrg P L- 1 as a 

figure for soil solution P CX)ncentration (a value that is high; Barber 

et al. 1962), plant P CX)ntent of 1 rrg P g-1 (a value that is lOW'; 

Arrlrew and Robins 1969}, and transpirational efficiency of 500 g H.p g-1 

plant material, a plant weighin;J 10 g will have transpired 5 L of water 

and have obtained 1 rrg P with that water. '!his plant would require 10 

rrg P, which is 9 rrg (10 times) m:>re than the anount it obtained by mass 

flOW'. '!he proportion of P reachin;J plant rcots by mass flOW' diminishes 

as soil solution P CX)ncentrations decrease, as water use efficiency 

decreases, and as plant P CX)ncentrations increase. 

Ions in solution ten:i to diffuse evenly throughout the solution 

by BrcMlian m:>tion. '!he overall mass (M} noverrent across an area (L2
) 

dOW'n a CX)ncentration gradient {M*L-3*L-1) over time {T) is proportional 

to the steepness of the gradient (Olsen et al. 1962). Representin;J the 

diffusion coefficient by D, we firrl that 

M*L-2 = D*M*L-3*L-1*T , or (2) 

D = M*L-2*M-1*L3*L*T-1 = L2*T-1 (3) 
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'!he units of the diffusion coefficient are cnfs-1 
• For ion dif

fusion in soils, nore factors nrust be oonsidered: the voll.nnetric water 

oontent (L3*L-3
) , which oorrects for the relative volume of solution 

available for ion diffusion: the tortuosity factor (L*L-1
), which 

oorrects for the additional path 1~ that ions nrust take: arrl the 

inverse of the buffer capacity for that ion, (dI/dQ = M*L3*M-1*L-3
), 

which accounts for the ratio of ions in solution to ions in the solid 

Fhase (note that all of these carp.rte as di.Irensionless factors). '!he 

rate at which P m::,ves in a soil by diffusion is directly proportional 

to the soil's noisture oontent, inversely proportional to the tor

tuosity of the path the ions must take, arrl inversely proportional to 

the soil's P buffer capacity. (For a m::>re cxxrplete discussion, see 

Barber 1984) . 

Plants absorb phosphorus from the soil solution at the inurediate 

root surface. '!his reduces the ooncentration of P in the adjoinirg 

solution. '!he solution is replenished by solvation of solid-Fhase P 

from the adjacent soil. As roots oontinue to extract P fran the soil 

solution, the soil arrl solution nearest the roots are drained of P. 

'!his creates a concentration gradient in the soil arourxi plant roots. 

'!his is the gradient that drives the diffusion of P tcWcird roots fran 

zones of higher P concentrations that exist farther away fran the roots 

(Olsen et al. 1962: Barber et al. 1963: Olsen arrl Watanabe 1966: 

Lewis arrl Quirk 1967). 
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Soil P Buffer capacity 

Soil P buffer capacity affects plant ~te suwly in two 

ewosi.n;J ways: (1) Soils with higher capacities to ruffer solution P 

reduce the rate at which solution P concentrations decline as plants 

take up P from the soil (Nair arrl Mergel 1984). 'Ihe capacity of soil 

to maintain a higher intensity of Pin the liquid Jtlase i.mnediately 

adjacent to plant roots increases the availability of P to plants. (2) 

Fhosphate ions are usually less m::lbile in soils with high P buffer 

capacities (Barrc:M, 1975). 'Ibis decreased m::lbility reduces the 

distance that :i;:hosphate ions rrove per unit time, decreasi.n;J the volurre 

of soil that can replenish the soil solution arrl diminishi.n;J the 

quantity of available P. 

In Barber's m:Jdel of soil nutrient bioavailability (Barber 1984), 

both the soil P buffer capacity arrl the effective soil :i;:hosphate 

diffusion coefficient have a direct arrl p:>5itive effect on the supply 

of P to plants; 

Uptake = De*b* (dCl/dr) + v0*Cl (4) 

where De is the effective diffusion coefficient, bis the buffer capa

city, Cl is the concentration of Pin soil solution, r is the radial 

distance from the rcx:>t, arrl v0 is the rate of water flux into the rcx:,t. 

Because the effective diffusion coefficient includes the inverse of the 

P buffer capacity (page 12, above), arrl the diffusion coefficient arrl 

the buffer capacity are multiplie::l in the cala..llation of plant P 

uptake, the effect of soil P buffer capacity cancels out. 
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However, P buffer capacity also appears in Barber's m:idel in the 

calculation of the concentration gradient radial to the root's surface 

(dCl/dr). Here, increasin;J the P buffer capacity increases the 

gradient, which increases the diffusion of P to the rcx:>t. 'Ihe 

carprehensive effect of P buffer capacity on plant growth, in Barber's 

m:xiel, is to increase the supply of P to the plant. 

Soil Ihosphorus Tests: Introduction 

Crop management practices should inprove yields enough to pay for 

the practices arrl. to provide a profit. Because crop growth is stro~ly 

influenced by the soil's capacity to supply nutrients, agriculturists 

need to kncM the nutrient status of soils in order to predict plant 

responses to alternative management strategies. People test soils to 

assess plant nutrient availability, predict crop performance, arrl. 

estimate fertilizer requin>Jrents (White arrl. Haydock 1968). 

Soil testin;J has come to include l::>oth the chemical laboratory 

procedures, in which nutrients are extracted fran soil arrl. quantified, 

arrl. the correlation of the results of these procedures with plant 

growth responses. Often, the goal of soil tests is to make fertilizer 

recomrnerrlations (Melsted arrl. Peck 1973). laboratory methods for 

extractin;J arrl. quantifyin;J a soil nutrient should be fast arrl. aCX!Urate, 

arrl. the results should correlate well with crop responses in a variety 

of soils (Bray 1948). 

A chemical method that aCX!Urately detennines the quantity (Q) of 

labile P, or the soil solution intensity (I), may not provide a good 
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assessrrent of the availability of P to plants (Barrt:M 1967; Rajan 

1973; Holford 1976; Holford arrl Mattingly 197612; Meyer 1980). '!his 

is because the supply of }ilosphorus to plants depeirls not only on Q arrl 

I, but on the soil's P buffer capacity (C), which detennines ho.v the 

soil solution P concentration will change (rapidly or sla.1ly) as Pis 

rem:wed from the soil by a crop. 

To counteract this inadequacy of I arrl Q estimates in predicting 

plant response, many of the starrlard methoos of analyzing soils for 

}ilosphorus have been designed to generate an irrlex of }ilosphate avail

ability which is supposed to be balanced between I arrl Q (White arrl 

Haydock 1968; Kanprath arrl Watson 1980) • 'Ihese irrlices can be 

adjusted to favor either the intensity or the quantity parameter by 

adjusting any or all of the folla.,ing: the ratio of solution to soil; 

the ionic stren;Jth of the solvent; arrl the period of contact between 

the soil arrl the extractant (Olsen et al. 1954; Bar1:"cM arrl Shaw 197~, 

!2, 9, 1979). 

capacity can be measured either by a~ P to soil (adsorption) 

or by rem:wing P from soil (desorption) • 'Ihese two methoos do not give 

identical results because sorption of }ilosphate by soils is not a 

corrpletely reversible reaction (Herny 1961; Bar1:"cM 1983!2). Adsorption 

data may be used to identify the desorption properties of soils because 

desorption is proportional to adsorption (Barrt:M 1973, 1980, 1983g). 

'Ihe extraction of P from soils by plants may be rrore closely correlated 

with adsorption than desorption measurements (Ba,nnan arrl Olsen 1985). 

Olaracterization of the P-retention properties of soils can be 

accomplished by measuring Q arrl I at several :points arrl describing the 

16 



resultant Q/I plots usin;J mechanistic rodels (Bcrrrc:,,,.T 1978; Holford 

1979). Sane work has also been done with P sorption irrlices, which 

require only a sin;Jle addition of P (Henry 1961; Badle arrl Willia:rrs 

1971; Moody 1979). 

Soil Fhosphorus Tests arrl Fertilizer Recanrrerrlations 

Because of their different chemical cx::xrpositions, soil extractin;J 

solutions vary in the effectiveness with which they remove different 

fonn.s of soil phophorus (Karrprath arrl Watson 1980; Brcmfield 1967). 

Because pools of labile F,hosiilate vary am::>I""B soils, both in size arrl in 

chemical cxmposition, estimates of labile F,hosiilate abtained by labora

tory methods deperrl on both the extractant arrl on the soil (John 1972; 

White arrl Haydock 1967; Ahmed arrl Islam 1975; Maida 1978; Holford arrl 

Mattin;Jly 1979; Holford 19802 , 1980g, 1983; Holford et al. 1985; 

Holford arrl CUllis 1985). '!he calibration of fertilizer ai:;plications 

to soil test results is best done within groups of soils that are 

similar chemically arrl mineralogically (Karrprath arrl Watson 1980). 

Soils that contain similar levels of extractable P can require 

different anounts of fertilizer P to obtain maximum yields (Bcrrrc:,,,.T 

1967g; Salrron 1973; Holford 1976; Meyer 1980; Holford arrl CUllis 

1985). Where Pis deficient, soils with higher P retention charac

teristics require greater anounts of P fertilizer than do soils with 

lower P retention (Reeve arrl St.rrnner 1970; Bcrrrc:,,,.T 1976g; Moody 1979; 

Meyer 1980; Holford arrl CUllis 1985). critical levels of soil test P 

from a heterogenous group of soils can be estimated better if a 
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measurement of C is included in the equation alorg with an:>ther extrac

table P measurements (Olsen arrl Watanabe 1970; Reeve arrl SUirmer 1970; 

Rajan 1973; Sal.non 1973; BarrcM 1976g; Holford arrl Mattirgly 1976g; 

Moody 1979; Schenk arrl Ba.rt>er 1979; Holford 1980}2; Meyer 1980; Nair 

arrl Mengel 1984; Holford arrl CUllis 1985). 

Satre soil nutrient extractants may be affected by c, arrl 

ccxrpensate for its effect on soil P requirements by rmovirg a smaller 

quantity of P fran soils of greater ruffer capacity (Holford arrl 

Mattirgly 1979; Holford 19802 , 198012.;_ Merrloza arrl BarrcM 19871;?). 

Ha..rever, these conclusions may result fran the hc::m:,geneity of the soils 

used in these experiments. With nore heterogenous groups of soils, 

there may be little or no correlation between extractable i;::hosFhorus 

values arrl soil P bufferirg capacity (Reeve arrl SUirmer 1970; 'Ihornas 

arrl Peaslee 1973; Holford arrl Mattirgly 1976g; Meyer 1980; r::arrly et 

al. 1982). 

Mechanisms of Plant Gruwth Enhancement by VAM 

VAM apparently absorb i;::hosFhorus from the same pool of labile P 

that is available to nornnycorrhizal plants (San::iers arrl Tinker 1971; 

Hayman arrl Mosse 1972; Mosse et al. 1973; PcMell 1975; Bolan et al. 

1984). VAM improve the P supply of the host plants by explorirg arrl 

exploitirg the soil mass nore thoroughly than do unaided plant roots 

(Sarrlers arrl Tinker, 1971; Hayman arrl Mosse, 1972), arrl perhaps by 

absorbirg P from the soil solution at lower concentrations than can 

unaided roots (Mosse et al. , 1973) • Mycorrhizal :furgi then transfer 
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sane of the P to the host plant, probably in the form of polyplosphate 

granules (Ling et al. 1975) • 

VAM mycelia have smaller diameters than do root hairs, arrl are 

much longer. '!he fungal mycelitnn may consequently be able to exterrl 

into voltnres of soil that are inaccessible to plant roots due to small 

pore size, soil canpaction, or distance fran the main root (Huan;J 

1987). 

'!he small diameter of fungal hyplae has yet another consequence; 

the flux per unit surface area may increase as diameter decreases 

(Bouldin 1961), improving the efficiency of uptake by mycorrtrizal 

hyplae with respect to plant roots. '!his increased efficiency is 

accentuate:l if one considers uptake per unit volurre relative to plant 

roots. 

'!he extension of the depletion zone (D'l) arourrl roots with time 

can be calculate:l (Schenk arrl Barter 1979), using the formula: 

D'l = sqrt(2*De*t/b), (5) 

where De is the effective diffusion coefficient in soil, which takes 

into account the volurretric water content of the soil, the tortuosity 

factor, arrl the diffusion of J:Xlosphate ions in water; t is time; arrl 

bis the P buffer capacity of the soil, dQ/dI. 

'!he distance P can travel in soil to reach plant roots decreases 

with increasing soil P buffer capacity (Table 1). '!he mycelia of 

mycorrtrizal ~i need only exterrl a millimeter fran plant roots to 

gain access to P that would not otherwise be accessible to their host. 
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Table 1. - cala.llated P depletion zone (mm) extension aroorrl plant 
roots with increasirg tine (t, days) arrl soil P buffer capacity 

(b = dQ/dI). 

tine, days 

1 3 10 30 
b --Depletion Zone in mm--

100 0. 240 0.416 0.759 1.315 
300 0.139 0.240 0.438 0.759 

1000 0.076 0.132 0.240 0.416 
3000 0.044 0.076 0.139 0.240 

10000 0.024 0.042 0.076 0.132 

Fran Schenk arrl Barber, 1979. 

If we represent the lergth of VNIJ. myceliurn by L, arrl its radius 

by R, the additional voltIIre of soil V that is made available by mycor

rhizal myceliurn for P supply is 

V = (IrDZ) *Pi* [ (R+DZ/-ltJ (6) 

'Ihe depletion zone is subtracted from the lergth of myceliurn because 

the P in that voltIIre of soil is already available to the plant. For 

plant roots, the voltIIre of soil available to suwly Pis 

(7) 

Table 2 shows, for soils of different P buffer capacities, the 

voltIIre of soil that can supply P to mycorrhizal mycelia arrl plant roots 

over a 10-day period, arrl the ratio of the additional soil voltIIre 

available to mycorrhizal roots to that available to roots alone. 'Ihese 
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Table 2. - P depletion zone, volume of soil suwlyim P to 1 an of 
mycelium or leucaena root, an:i ratio of soil volumes (VAM/root) for a 

range of P buffer capacities after 10 days. 
Radii: mycelium = 0.005nun, root = 0.15nun. 

b D'Z VAM root VAM/root 

dQ/dI nun nun3 nun3 nun3;nun3 

100 0.759 17.00 25.32 0.67 
300 0.438 5.92 10.19 0.58 

1000 0.240 1.85 4.08 0.45 
3000 0.139 0.64 1.91 0.33 

10000 0.076 0.20 0.90 0.23 

calculations assume that the mycorrhizal hypha an:i the plant root have 

different radii (0.005 an:i 0.15 nun, respectively) but equal lerqths (1 

an) , an:i that the hypha grows perperrl.icular to the root. 

'!he cnicial point is that, for each additional an of hypha added 

per an of plant root, the increase in soil volume available to suwly P 

to the host plant can be about 25 to 67 percent. 

Plants that do not deperrl on mycorrhizae for supplyim their 

neerls for P often have root systems a:::,rnposed of a fibrous mass of many 

fine roots (B:iylis 1967, 1970) an:i thus would receive little increase 

in soil exploration capabilities from mycorrhizal infection. 

Mycorrhizal infections of plant roots can reduce the Q or I of 

soil P required for good crop yields when mycorrhiza-deperrlent crops 

are gram (Yost an:i Fox 1979) an:i thereby both improve plant growth an:i 

reduce P fertilizer requirements. 
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Effects of Soil Olaracteristics on the VAM-Plant Symbiosis 

'Ihe main benefit to plants of mycorrhizal colonization is im

proved P nutrition. Increased yields ensue only where the suwly of P 

would otherwise restrict grc,..;th. In general, plant responses to VAM 

infection decrease as quantities of P applied increase (Abbott an:l 

Robson 1977; Hall 1978; Stribley et al. 1980) • Where high levels of 

Pare readily available to plants, VAM-infected plants have been 

ooserved to be smaller than their noninfected counterparts (Baylis 

1967; Bethlenfalvay et al. 1983). VAM also can reduce plant grc,..;th at 

very low levels of soil P (Baylis 1967). 

Plants may not resporrl to VAM or to P if another grc,..;th factor, 

such as nitrogen or water, is limitin:J (Koncheki an:l Read 1976; Hepper 

1983). Soil properties can affect the plant or the fun;JUS directly; 

effects on either of the partners can have repercussions on the func

tionin:J of the symbiosis (Mosse 1972. I.arnbert et al. 1980) • 

'!he Problem 

Inoculation of soils with vesicular-arbuscular mycorrhizae can, 

in some circumstances, augment plant grc,..;th an:l reduce P fertilizer 

needs. However, inoculation with VAM is costly when done on a large 

scale. For inoculation to be profitable, gains resultin:J from 

inoculation must exceed the costs of the inoculum an:l its application. 

People proposin:J to inoculate plants or fields with mycorrhizal fl.ID3'i 

will have to show that inoculation is likely to increase plant grc,..;th 
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significantly, profitably, ani Il'Dre effectively than P fertilizer 

additions alone, or that inoculation reduces the risk of financial 

loss. 

'!he effect of P fertilization on plant~ deperrls on many 

factors, all'DnJ which are the quantity of soil P that is available to 

the plant (Q), the soil solution P concentration (I), ani the rela

tionship between these attributes, the soil Ii'lospiate rufferinJ capaci

ty (C). Even where P is the only factor limitinJ plant~, none of 

these neasures alone can accurately predict plant response to P fer

tilizer additions, except within a group of soils that is relatively 

harogenous as to ruffer capacity ani within which plant response to P 

is kncMn. 

Ideally, c describes hav Q or I can be expected to dlar¥Je 

(rapidly or slavly) as P is rem::wed from the soil by a crop. Where the 

supply of P is a major limit to plant ~, an estimate of soil P 

ruffer capacity, together with an estimate of either the intensity or 

the quantity of soil P, can provide enough information on soil P 

availability to pennit a fairly accurate prediction of crop responses 

to P fertilizer applications, even across soils with a wide ~e of P 

sorption characteristics (Reeve ani S\.nnner 1970; Holford ani MattinJly 

1976g; Meyer 1980; Ojala et al. 1983; Nair ani MenJel 1984). 

Because neasures of I, Q, ani C can be used to predict plant 

response to P fertilization, ani since rnycorrhizal inoculation can 

substitute to sare degree for P fertilization, there is a good 

possibility that plant response to VAM inoculation could be partially 

predicted from neasures of soil I, Q, ani c. 
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Plants might resporxi to mycorrhizal inocul.ation as they ~d to 

P fertilizer additions. Responses to VAM inocul.ation, as to P addi

tions, might be higher in soils of low :Eilosphorus Q am I. '!be 

threshold I for grcMtl1 enhancement of plants by VAM might be lower at 

higher C. 'Ihe critical I for near-naximurn yield with VAM might also be 

lower at higher c. 

Testin:J these ideas requires that plants be grc,.,m both with am 

without mycorrhizal infections in corrlitions of equal Q with unequal I 

am c; equal r with unequal Q am c; am equal c with unequal Q am 

I. All other fact.ors affectin:J plant grcMtl1 should be starrlardized. 

Correlation of plant response to mycorrhizal inocul.ation with the 

results of starrlard laboratory soil tests might allow the results of 

this study to be applied beyorxi the present experiloonts. 
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MATERIAIS AND MEIHOCS 

'lhe soils used in these experiments were selected to provide a 

wide range of JXlosJ;hate buffer capacities (C). 'Ibey belon;J to four 

Orders: Vertisols, Oxisols, Ultisols, arrl Inceptisols. All of the 

soils are used for agriculture in Hawaii. 

lllalualei soil is a very fine, iront:irorillonitic, Typic 

Chram.lstert. 'lhe dominant minerals in this soil are 2: 1 arrl 1: 1 clays 

(smectite, kaolinite, halloysite). Sare ca~ particles derived fran 

coral were present in the sanple used in the experiment. 

Wahiawa soil is a clayey, kaolinitic, Tropeptic Eutrustox. 

Although the dominant minerals are 1:1 clays, gi.bbsite arrl goethite 

each make up al:x:>ut 10% of the soil by weight. 

Kapaa soil is a clayey, oxidic, Typic Gibbsiorthox. 'lhe dominant 

minerals are gibbsite arrl goethite. '!he soil used for the experiment 

contained foreign particles of ca~ arrl had an unusually high :pi for 

this series. 

Paaloa soil is a clayey, oxidic, isothennic Hurroxic Tropohunrult. 

Dominant minerals in the surface horizons are gibbsite arrl 2:1 clays, 

with appreciable amounts of quartz, goethite, hematite, arrl kaolinite. 

'lhe soil collected for this experiment had previously been planted to 

sugarcane. 

Honokaa soil is a thixotropic Typic Hydrarrlept. 'lhe dominant 

minerals are am:>rphous colloids of extrercely high surface area, al:x:>ut 
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Table 3. - Mineralogy an:::l other dlaracteristics of soils fran the 
same series as the experirrental soils. 

OIR(l"1- ElJIR- TROFO- GIBBS!- HYrR-
units USTERI' usrox HUMUI..!l' ORIHOX .ANDEPT 

2:1 clays % 30 0 30 0 0 
1:1 clays % 60 70 10 0 0 
Gibbsite % 0 10 25 40 0 
Goethite % 0 10 10 50 0 
Am:>qilous % 0 0 0 0 100 
oxides % 10 10 25 10 0 
pf(H20) 7.0 5.0 4.8 5.8 5.5 
J;if(KCl) 6.0 4.4 4.4 6.0 4.9 
CEC croljkg 100 25 20 15 40 
B.S. % 100 20 10 10 20 

Mineralogical data fran R. C. Jones an:::l R. Gaverrla, Dept. Agron. Soil 
Sci., u. Hawaii: unpublished. Other data fran USDA. 1976. 

30% of which are Fe-oxides, 50% Al-oxides, an:::l 20% Si-oxides. '!he soil 

collected for this experirrent was from a pasture that had never been 

fertilized. (USDA. 1972, 1973, 1976; R. Jones an:::l R. Gaverrla, Univer

sity of Hawaii, unpublished data). 

'!he Test Plant and Fungus 

'!he test plant used was Leucaena leucocephala (I.am.) de Wit 

("leucaena"). Variety 565 was used in experirrent 1 an:::l variety K-8 

(Hawaiian Giant) was used in experirrent 2, both obtained fran James L. 

Brewbaker at the University of Hawaii. 

'!he vesicular-arbuscular mycorrhizal fungus used was an aa:::ession 

of GlOillUS aggregatmn selected at the University of Hawaii for its 
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superior enhancement of gra.;th of several species of plants, ~lu:lin;J 

I.eucaena leucocephala (Htlan;J Ruey-Shan;J, personal canrcu.mication). 

Design of the Experiments 

All experiments were corrlucted by grcr.vin;J plants in 2-kg pots in 

the greenhouses in Manca Valley belo~in;J to the Depart:roont of Agronany 

arrl Soil Science at the University of Hawaii. 

Experiment 1 

'!he first experiment was devised to explore the effects of native 

arrl introduced mycorrllizal populations on plant gra.;th in different 

soils at a ~e of phosphorus levels. It was designed as a canplete 

factorial experiment, laid out in a rarrlamized canplete block with 

three replications. Treaonent variables were: fumigation with nethyl 

bromide arrl no fumigation, incx::ulation with VAM arrl no incx::ulation, two 

soils (Wahiawa arrl Paaloa), arrl 3 P levels (Padded, based on P sorp

tion curves, to create solution concentrations of 0.025, 0.1, arrl 0.4 

ng P/1). '!here were 24 treaonents usin;J 72 pots, each containin;J 1.5 

kg soil. 

Experiment 2 

'!he secorrl experiment was corrlucted in order to assess the effect 

of soil P bufferin;J capacity on mycorrllizal enhancement of plant 

gra.;th. Four soils of differin;J P buffer capacity were used. 

Differences ano~ soils in properties not related to P supply were 
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:minimized by li.mi.n;J, ad.din;J nutrients, in"igating 3 times per day, and 

by~ all soils with coarse blasting sarrl in a ratio of 15:85 

soil:sarrl (300 g soil and 1700 g sarrl per pot). Control treabrents 

a:>ntained 100 percent blasting sarrl. All treat:nents were fumigated 

with nethyl branide. 'lhe experinent was laid out in a ccrrpletely 

rarrlanized design with two replications. Treat:nent variables were: 

soils (I.l.lalualei, Wahiawa, Kapaa, and Honokaa), 9 P levels (from about 

0.003 to 0.3 ng P/1), and with and without mycon:hizal inoculation, 

making a total of 72 treat:nents. 

Soil Preparation 

'lhe soil material used in these experinents were collected from 

three of the major islarrls of the Hawaiian chain; the I.l.lalualei, 

Wahiawa, and Paaloa soils were collected on the island of oahu, the 

Kapaa soil was obtained from the island of Kauai, and the Honokaa soil 

from the Island of Hawaii. 

Sifting and Mixi.m. About 30 kg of each soil was stored in the 

greenhouse in plastic bags. Each soil was sieved ( 6 mm mesh) , organic 

materials and large stones were renoved, and soils were mixed to 

achieve a hamogenous corrp:::>Sition. 'lhe I.l.lalualei soil was necessarily 

sieved in a slightly moist coooition, and aggregates were broken by 

hard. 'lhe Hydrandept, which is thixotropic, was also kept moist during 

storage and preparation to avoid irreversible drying. 'lhe Oxisols and 

the Ultisol were stored and harrlled air-dry. 
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Table 4. - Line (g caCD_y'kg soil) arrl P (rrg Pjkg soil) ackied for 
each soil at the targeted cacl2-P concentrations. Experi.rrents 1 arrl 2. 

EXPERIMENT 1 

SOIL 
ca~ 
added 

Targeted [Pl 
0.025 0.1 0.4 

SERIES (gjkg) P added (rrg Pjkg soil) 

Paaloa 7.92 55 177 378 
Wahiawa 2.52 42 148 308 

EXPERIMENT 2 
ca~ Taroeted [ Pl 

SOIL added 0.01 0.02 0.04 0.08 0.16 0.32 0.64 1.28 2.56 
SERIES (gjkg) P added (rrg P/kg soil) 

lllalualei 0.00 20 37 57 82 111 146 189 239 300 
Wahiawa 2.52 3 41 89 147 220 309 421 558 729 
Kapa.a 0.00 0 164 380 638 945 1312 1749 2270 2892 
Honokaa 5.00 209 643 1172 1814 2594 3543 4695 6096 7798 

Liming. After detennination of the 1~ response of each soil, 

precipitated laboratory ca~ was mixed thoroughly with weighed por

tions of the soils to bring the soil pH above 6. o (Table 4) , after 

which the soils were place:i in pots or plastic bags, watered, arrl 

allowed to equilibrate for at least 2 weeks. 

Adding Nutrients. Macro- arrl micro-nutrients, includirg P, were 

added in solution by weighing the soil for one planting pot at a time, 

spreading it on a plastic sheet, arrl spraying it with measured volumes 

of solutions of known concentrations while mixing thoroughly. :Rlos

phate was added as dissolved nonocalciurn Jiiosphate where possible; 

when larger quantities of P were needed, nonobasic potassium Ji1osphate 

was also used to avoid adding too nn.ich water to the soil, making it 
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unworkable. Rates of P added are shown in Table 4. ~ was added at 

513 ng/kg soil. Magnesium (100 ng/kg), CCJH?er (20 ngjkg) an::i zinc (50 

ng/kg) were added to the soil as sulfates, nolybdenum (17 nq/kg) was 

added as anuronium nolbdate, arrl boron (2.3 ng/kg) was added as an acid. 

After this preparation, soils were placed in pots or plastic bags to 

equilibrate for at least two weeks at or near field water capacity 

before further treatrcent. 

Fumigation. '!he soils were fumigate:l in vats 75 en deep arrl 2 m 

in diarreter set into the grourxi. Pots of soil at about field capacity 

were placed into the vats, stackin;J pots on the rims of the pots below 

to allow for free air irovernent. One canister c:ontainin;J 48 g of methyl 

bromide arrl 1 g of chloropicrin was used for eadl 150 kg soil. 'Ihe 

soils were kept for 3 days in this chamber, after whicil the plastic 

covers of the vats were removed arrl the soils allowed to air for 

several hours. 'Ihe pots were then iroved to the greenhouse, where they 

were allowed to dry for at least one week before planting to allow the 

methyl bromide to dissipate from the soil. For the sec:orrl experiment, 

soils were equilibrate:l with lilre arrl fertilizer for 6 weeks, then 

mixed with blasting sarrl, put in pots, arrl the pots of sarrl-soil 

mixture were fumigate:l as described above. 

Preparation of Planti.m Material and Planting 

Seeds of I..eucaena leucocephala var. 565 (experiment 1) or K-8 

(experilrent 2) were inspected visually~ arrl small, cracked, broken, or 

malformed seeds were removed. 'Ihe rernainin;J seeds were placed in 
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cx,ncentrated HzS04 arrl stirred with a magnetic stirrer for 20 minutes, 

after which the seeds were rinsed thoroughly arrl kept .imrersed in 

deionized water for 24 hours. 'Ihe water was chanJed several ti.Ires 

during this soakin;J period. '!he seeds were then placed on a metal 

sieve arrl kept in shade for another 24 hours, duri.rg which time they 

were soaked several ti.Ires for 30 minutes in deionized water. When the 

radicles began to aoo.rge fran the seed.coat, seedli.n;Js were selected for 

uniform size arrl len'.3th of the aoo.rging radicle. Scarification arrl 

germination were timed so that seeds could be planted while the radi

cles, though aoo.rging, were as short as :possible. In the first ~i

ment, depressions were made in the soil arrl the sprouted seeds were 

planted with the root pointing down. In the secx,rrl ~iment this 

effort was not made, arrl some seeds pushed roots into the air, others 

exterrled their roots horizontally several centimeters before pushirg 

them down into the soil, while the other seeds grew normally. '!he loss 

of planting material in pots was carrpensated by planting six seeds per 

pot, arrl thinning to 3 to 5 plants per pot. 

Inoculation 

Two methods of inoculation were used in the ~iments. In the 

first ~iment, about 1 cc of inoculurn, cx,nsisting of a mixture of 

grourrl basaltic rock, root fragments, hyphae, arrl spores, was µit into 

each planting hole. In the secx,rrl ~iment, germinated seeds were 

placed on the soil surface, arrl the soil was inoculated by pipetti.n;J 

two ml of a slurry carposed of Glornus aggregaturn spores arrl root 
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fragments CX>ntainirg h~e onto the soil arourrl eadl seed. Seeds were 

then covered with 1 cm of blasti.n;J sarrl. 

In the secon:i experirnent Rhizobium sp. strain# 1145SR, ootained 

fran M. Habte (University of Hawaii), was also introduced into the soil 

at a rate of 2*106 bacteria/p:Jt, included in the slurry cantainirg the 

myCX>rrhizal inoculum. 

Management of the Experirnents 

Watering. For the first experirnent wateri_n;J was done once a day 

by han:l, saturati_n;J the soils in the pots an:i allowi.n;J them to drain. 

'Ihus all plants had equal access to water. As the plants grew, pots 

CX>ntainirg larger plants were watered twice a day. For the secon:i 

experiment, in whidl the rooti.n;J medium CX>nsisted of 85 percent 

blasti_n;J sarrl an:i 15 percent soil, an irrigation system was built that 

delivered 60 ml of water 3 ti.Ires per day, at 10:00 AM, 1:00 IM, an:i 

3:00 FM. 

Fertilization. In both experirnents, nitrogen an:i potassium were 

added to the soils duri.n;J soil preparation as~- Additional nitro

gen an:l potassium was applied duri_n;J the course of the experirnents by 

wateri_n;J with a solution of ~ that CX>ntained 100 ng N/L. In the 

first experirnent, a total of 600 ng of N was provided. Because pots 

were watered to saturation, excess water drained fran the pots, an:i N 

was probably lost by leadli_n;J; therefore, in the secon:i experirnent, 

fertilization with these elements an:i with calcium was done two or 

three times per week by turni_n;J off the irrigation system an:l watering 
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by harrl, alternatin;J solutions of KN0:5 and caN0:3 that were 200 ng N/L. 

'!his was inten::led to maintain a soil solution concentration of N above 

50 nq/L. 

Insect Control. For the first experiment, Psillid insects were 

treated by physical reiroval and by intrcducin;J a natural predator of 

the psillids into the greenhouse. For the secon::i experiment, plants 

were sprayed weekly with Cygan regardless of psillid infestation; this 

seerood to strike about an equal balance between insect damage and 

pesticide damage to the plants, both of which were slight. 

Pinnule Sampling 

Pinnules were collected periodically from the plants durin;J the 

course of the experiments, startin;J at 10 days after plantin;J (Di\P). 

One pinnule per pot was harvested; generally, the fourth pinnule 

countin;J from the base of a pinna of the rrost recently fully expan::ied 

leaf. 'Ihese pinnules were weighed and tested for phosphorus as 

described belc::M. 

Harvest Measurements and Sampling 

Experiment 1. Stern heights were measured, plant tops were 

harvested, and leaves were separated from stems, dried, and weighed. 

Experiment 2. '!he number of plants per pot was counted, as this 

varied between three and five. Stern diameters and heights were 
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recorded. One plant per pot, intermediate in height, was selected for 

further nv=a.surement. 

On the selected plant, leaves were mnnbered, pinnae arrl pinnules 

were counted, arrl leaf areas were measured. leaves were weighed arrl 

analyzed for P. 'Ille stem was cut at the cotyledon leaf scar, arrl 

everything below that was counted as root. 'Ille stems were dried, 

weighed, grourrl, arrl tested for P content. 

Roots arrl soil were dumped rut of the pots onto a plastic sheet, 

arrl with slight shaking a soil sample of about 200 g was rem::wed. 'lllis 

was analyzed for P. 'Ille roots were washed arrl dried, weighed, arrl 

analyzed for percent mycorrhizal infection arrl P content. 

Determination of Rlosphorus 

Solutions containin3' phosphorus, v.'hether soil extracts or plant 

digests, were reacted with Reagent B (Olsen arrl Watanabe 1963), a 

solution containin3' ammonium m::>ly}:x3ate, potassium antim:Jny tartrate, 

sulfuric acid, ascorbic acid, arrl water. After allowin3' time for the 

color to develop, samples were analyzed spectrophotanetrically (color

imetrically) on a Hitachi m::>del 100-40 spectrophotaneter. 

Soil samples weighin3' from 3. o to 7. o g (depeniing on the soil 

test perfonned) were placed in 50 ml centrifuge tubes, arrl solutions 

were added that contained phosphorus (when P sorption was measured) or 

extractant solutions as described in Soil Analysis Methods below. 

Samples were then shaken longitudinally on a E:berbach mechanical back

arrl-forth shaker, except v.'here otherwise noted. Soil was separated 
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fran the solution by centrifugation in a I)]Font Sorvall SS-3 centri

fuge, arrl the supernatant solution was tested for P. 

Grourrl plant sarrples (10 to 25 rrg) were placed in Pyrex test 

tubes arrl heated at 500 • C until the ash turned white or gray. 'Ihis 

ash was dissolved in a 1: 4 solution of Reagent B arrl water arrl tested 

for ?'lOS!XlO:rus. 

Reagent A was prepared by dissolvin;J 19.2 g amnonit.nn nolybdate 

[(Nf\.)lioPz4*4HzO] arrl 0.466 g potassit.nn antinony tartrate (KS1:x>*C4f\06) 

in about 1 L of deionized water, a~ 141 ml cx:mcentrated ~ 4 ( 5 

noles), arrl brin;Jin;J the final solution volume to 2.0 L. 

Reagent B was prepared by dissolvin;J ascorbic acid in Reagent A, 

usin;J 0.428 g ascorbic acid for each 100 ml of the reagent. 'Ihis was 

done on the same day that the analysis was made (Reagent B does not 

keep nore than 1 day). All solutions arrl extracts were allc:Med to 

react with Reagent B for at least 10 minutes for full color develop

ment. 

:Rlosphorus in extracts was detemined by mixirq Reagent B with 

extract solutions in a ratio of 1:4 arrl neasurin;J the anount of light 

absorbed at 840 rnn on the spectrophotometer. '!he spectrophotometer was 

calibrated before arrl while readin;Js were taken, usin;J solutions of 

known P concentration (includin;J blank solutions) mixed 4:1 with 

Reagent B. 
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Soil Analysis Methcrls 

Soil pH was tested on a Fisher Acx:::l.Ircet m::x:lel 805 MP pi meter in a 

1:2 soil:water paste with a 30 minute equilibration time. 'lhe slurry 

was mixed once with a glass rod when the water was added, then mixed 

again i.Iamadiately before the Iii electrode was inserted into the slurry. 

Limirn cw:ves. '!he response of soil pi to limirg was estimated 

in two ways; a short.-tenn methcxi usin;J 250 g of soil, 5 levels of 

ca(OH) 2 , and an equilibration time of several days at so· c, and a 

longer-tenn method in which several pots, each containing 2 kg of soil, 

were amerrled with different arrounts of lime and incubated at field 

capacity in the greenhouse for several weeks. 

P sorption cw:ves. 3. o g of soil and 30 ml of o. 01 M cac12 

solutions containing known arrounts of nn:ncx::::alcium phosµiate were added 

to a 50 ml centrifuge tube. 'Iwo drops of toluene were added to sup

press microbial activity and the tubes were stoppered finnly and shaken 

for 30 minutes twice a day for 6 days. '!he tubes were then centrifuged 

at 10, 000 rpn for 10 minutes. A 10. O ml aliquot of the supernatant 

solution was withdrawn, mixed with Reagent B, and the resulti.rg solu

tion was analyzed for P usin;J a spectrophotometer (Fox and Karrprath 

1970). 

When the 15:85 soil:blastin;J sarrl mix was tested for P, 20.0 g of 

the mix (on an oven-dry basis) was used. '!his provided 3. O g of soil 

in the sarrple and reduced the variance in the actual quantity of soil 

in the sarrple that might result from uneven mixin;J were 3.0 g of 

soil: sarrl mixture to be used. Results (e.g. nq P/kg soil) will be 
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reported on the basis of the 3. o g of soil in the mixture, tml.ess 

otherwise stated. When soils were not mixed with sarrl, a sarrple 

weighin;J 3. O g was used. All weights are calculated on an oven~ 

basis, although the soils were tested in a state between air-dcy and 

field capacity. 

cac12 extract P test (Ozanne and Shaw 1967). 3. o g of soil was 

c::aru:)ined with 10.0 ml of 0.03 M cacl2 solution and sufficient deionized 

water was added to brin;J the total volurre of solution in the tube, 

includin;J the water contained in the soil, to 30 ml. 'Iwo drops of 

toluene were added to suppress microbial activity and the tube was 

finnly stoppered. '!he tubes were inverted gently by ham several tines 

per day to achieve a canplete mixin;J of the soil with the solution 

without destroyin;J the soil aggregates (a consideration irrportant in 

the testin;J of soils that were mixed with sarrl). After 40 hours, the 

tubes were shaken one last time and then centrifuged at 10,000 :rpn for 

10 minutes, after which a 10.0 ml aliquot of the supernatant solution 

was withdrawn and tested for P. Results were calculated as ng P/L of 

solution, and reflect the soil solution P concentration (I:alal and 

Hallsworth 1976, 1977), although they are not identical with it (Olsen 

and Watanabe 1970; Soltanpour et al. 1974) 

Olsen (NaH~) P test (Olsen et al. 1954). 30 ml of 0.5 M NaHCD:s, 

adjusted to pH 8.5 with NaOH, was added to 3.0 g of soil in a 50 ml 

centrifuge tube. '!he tube was stoppered finnly and shaken for 30 

minutes, then prorrptly renoved, unstoppered, and centrifuged at 5,000 

:rpn for 5 minutes. 5. O ml of the supernatant was drawn off and tested 

for P. Results were calculated as ng P/kg soil. 
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Mehlich (double acid) P test (Sal::be arrl Brelarrl 1974). 12.0 ml 

of an extractin::J solution (o. 05 M HCl arrl o. 05 M RzSOJ was added to 3. o 

g of soil in a 50 ml centrifuge tube. 'Ihis was shaken for 5 minutes 

arrl immediately rem:wed, unstoppered, arrl centrifuged for 5 minutes at 

5,000 :rpn. A 1.00 ml aliquot was withdrawn arrl the P content of the 

solution was determined. Results are expressed as rrg P/kg soil. 

Bray# 1 (acid fluoride) P test (Bray arrl Kurtz 1945). 20.0 ml 

of solution (0.025 M HCl arrl 0.03 M NH,.F) was added to 3.0 g of soil in 

a 50 ml centrifuge tube. Fran this point, treabta1t of the sanples was 

exactly as in the double acid test with respect to time of shakin:J, 

centrifugation, arrl sanple arrl reagent voll..mes. Results are expressed 

as rrg P/kg soil. 

Plant Analysis 

Leucaena leucocephala pinnules were sanpled at intei:vals of 3 to 

13 days over the course of the experiments (see Pinnule Sampling, 

above). Pinnules were dried in a convection oven at 50° c for one to 

several days, then weighed to the nearest 0.1 rrg. Harvest sanples 

(leaves, stems, roots) were also dried at so· c, weights were deter

mined to the nearest rrg. 

For determination of P, pinnules were placed in a Pyrex test tube 

arrl ashed in a muffle furnace at 500° c until the residue was white or 

light gray, which usually took about two hours. After coolin::J, 10.0 ml 

of a solution containin::J 4 parts deionized water to 1 part Reagent B 

was added to the ash, the solution was mixed thoroughly, arrl the P 
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content detennined colorilretrically. Results are expressed as total P 

per pinnule arrl as percent P of oven-dry weight (before ash.irg). 

stem heights were measured fran the cotyledon leaf scar to the 

meristem. 'Ihis was done to lx>th starrlardize the n-easurerrents arrl to 

avoid IreaSUreIOOnt differences due to different planti.rg depths. All 

plant parts below the cotyledon leaf scars were included in root 

weights. 

When leaves were counted, in the secorrl experirrent, the cotyle

dons (rarely present) or cotyledon leaf scars were assigned leaf mnnber 

zero, arrl the rest of the leaves arrl leaf scars were numbered in 

ascending order toward the meristem. 'lhe presence or absence of each 

leaf was noted arrl the pinnae arrl pinnules were counted on leaves that 

were present. 

leaf area was measured by rem::wi.rg the pinnules from a leaf, 

layi.rg them between two sheets of clear plastic, arrl ~ this 

through a LI-<X)R Model 3050-A portable area neter. On larger leaves 

beari.rg many pinnules, only 1/4 of the pinnules were used for this 

IreaSUreIOOnt am the measured area was multiplied by 4. 'lhe use of only 

1/4 of the pinnules was warranted by the fact that the leaves of L. 

leucocephala are bilaterally symmetrical in two ways; the pinnae are 

symmetrical on each side of a leaf, arrl the pinnules are symmetrical on 

each side of a pinna. 

Other plant naterials (roots, sterns, arrl leaves) were grourrl with 

a Bodine NSI-55 plant grind.er usi.rg a 20-nesh sieve, arrl subsaroples 

weighi.rg 10.0 to 20.0 ng were transferred into Pyrex test tubes, ashed, 

39 

http:weighi.rg
http:grind.er
http:beari.rg
http:rem::wi.rg
http:planti.rg


arrl analyzed for P as above. For each plant fraction, results were 

calculated ooth on a plant arrl a pot basis. 

After the dry root weights were recorded, a sarrple of the finer 

roots was carposited from several parts of the root mass for assessment 

of mycon:hizal infection. 'Ihe rest of the root mass was gra.rrrl arrl P 

content detennined. 

Roots for evaluation of mycon:hizal infection were soaked for 48 

hours in 10 % KOH, then rinsed in deionized water, soaked for 3 minutes 

in 10 % HCl, rinsed again with deionized water, then placed in a 

solution of lactqilenol (1750 ml), glycerine (126 ml), acid fuchsin 

(3.0 g), arrl deionized water (126 ml) for staini.n;J (Fhillips arrl Hayman 

1970). After the roots had absorbed the stain, they were rinsed three 

times in a solution identical to the above except that it contained no 

acid fuchsin. '!he roots were then inspected for percent mycon:hizal 

infection using the line-intercept nethcxi (Giovannetti arrl Mosse 1980) 

with a grid marked off in 1 an squares. 100 root-line intersections 

were counted, arrl the number of intersections at which the roots were 

infected was divided by 100 (the number of intersections counted). 

Root-line intercepts were recorded as infected if fun:Jal hYfilae were 

seen within 1 an of the intersection point. Results are expressed as 

percent infection. 

Statistical Methcxis 

In the first experinent, soil P levels were not detennined except 

as to amount of P added or target P level in cac12 , arrl thus were 
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treated as class variables. Soils, ftnnigation of soil, arrl inoc:ulation 

with mycormi.zal :funcJi were also treated as class variables. 'Ihere

fore, analysis of the biweekly pinnule sarrpling data fran the first 

experi.Jrent was based on analysis of variance. Effects of treatm::mts on 

pinnule weight arrl P content over time were followed by grapiing the 

data arrl by noting the probability value for earn main effect arrl 

interaction over the course of plant grc:Mt:h. Harvest data was also 

analyzed using analysis of variance. Both untransfonned arrl log-trans

fonned data were analyzed in this marmer. 'lhe log transfonnation, 

while equalizing variance over the data ran;Je, carries with it the 

property of testing for multiplicative effects (addition of logarithrn.s) 

rather than additive effects of treatm::mts, arrl additive effects show 

as interactions. Conversely, where treatm::mts act in a synergistic 

(multiplicative) fashion, analysis of variance of untransfonned data 

will show an interaction. 

'Ihe secorrl experi.Jrent was designed to be analyzed by regression. 

Soil P was ireasured in the original soils to whim P had been added arrl 

in soils that had reacted with P for the duration of the experi.Jrent. 

'!his pennitted analysis of plant response with regard to soil test P 

levels. 'Ihe soils were also treated as continuous variables for sane 

analyses by using a measure of their respective P sor.ption capacities 

as an irrleperrlent variable in the equation, so that inoculation with 

mycormizae (or lack of it) was the only treatm::mt variable that was 

not treated as a continuous variable. Estimates of the parameters of 

nonlinear nm.els were made using the NONLIN nodule of the SYSTAT 

statistical analysis program. 
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RESULTS AND DISCUSSION 

Experiment 1 

'!his experiment was designed to investigate the effect of native 

arrl introduced mycorrhizal furqi on leucaena growth arrl P uptake across 

a range of levels of soil P supply. Sare of the factors addressed 

were: the effect of mycorrhizal inoculation in soils with arrl without 

native mycorrhizal p:>plllations; effects of soil P levels on mycor

:thizal enhancement of leucaena growth; arrl effects of soil series on 

the plant-furqus symbiosis. 

Pinnule Sampling Results 

Effect of Incx::ulation. '!he mean quantity of P was higher in the 

pinnules of plants growing in soils that were inoculated with VAM than 

in the plants growing in noninoculated soils on every sarrpling day 

(Table 5, Figure 2). 

Effect of F\.nnigation. Fran 38 J),M) on, plants growing in furniga

ted soils had less P per pinnule than plants in nonfurnigated soils 

(Table 5, Figure 3). 

Effect of F\.nnigation + Incx::ulation. In the soils that were 

inoculated, furnigation decreased the amount of Pin pinnules on days 21 

arrl 24 after planting (Figure 3). For plants growing in noninoculated 

soils, furnigation decreased pinnule P contents from 42 J),M), when plants 

growing in nonftnn.igated, noninoculated ("natural") soils had larger 

quantities of pinnule P than plants grown in fumigated, noninoculated 
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Table 5. - Treat:Joont effects on pinrul.e P, ~iloont 1. Results of 
analyses of variarx::e of ln(µgP per pirmule) for eadl sa11plinJ day. 

Prooabilities of type I error. 

D:lys After Planti.m 
Effect 10 14 17 21 24 31 35 42 45 49 52 56 59 

a:NSTANr o.oo o.oo o.oo o.oo 0.00 o.oo o.oo o.oo o.oo o.oo 0.00 0.00 o.oo 
~ 0.74 0.57 0.20 0.10 0.19 0.31 0.30 0.40 0.96 0.99 0.42 0.38 0.70 
I 0.00 0.02 0.00 0.00 o.oo o.oo o.oo 0.00 0.00 0.00 o.oo o.oo 0.00 
F 0.24 0.02 0.52 0.11 0.01 0.31 0.87 0.07 0.01 0.01 o.oo 0.00 o.oo 
p 0.47 0.00 0.00 o.oo o.oo o.oo 0.00 o.oo o.oo o.oo o.oo 0.00 o.oo 
s 0.41 0.27 0.04 0.20 0.08 0.07 0.08 0.05 0.02 o.oo 0.05 0.03 0.01 

I*F 0.79 0.91 0.41 0.04 0.00 0.26 0.98 0.76 0.03 0.00 0.00 0.00 o.oo 
~ 
w I*P 0.19 0.94 0.75 0.44 0.09 o.oo 0.00 o.oo o.oo 0.03 0.05 0.00 o.oo 

I*S 0.58 0.76 0.36 0.42 0.38 0.09 0.00 0.01 0.00 0.00 0.07 o.oo 0.00 
F*P 0.29 0.92 0.76 0.69 0.68 0.01 0.25 0.80 0.67 0.98 0.01 o.oo 0.01 
F*S 0.51 0.34 0.76 0.06 o.oo 0.05 0.83 0.31 0.81 0.27 0.66 0.00 0.50 
P*S 0.96 0.50 0.78 0.63 0.69 0.95 0.49 0.65 0.32 0.11 0.32 0.15 0.47 

I*F*P 0.12 0.32 0.88 0.26 0.09 0.53 0.38 0.25 0.36 0.73 0.19 o.oo 0.00 
I*F*S 0.06 0.13 0.68 0.01 0.00 0.19 0.46 0.43 0.40 0.74 0.66 0.01 0.29 
I*P*S 0.07 0.19 0.39 0.53 0.20 0.30 0.82 0.91 0.16 0.03 0.01 0.93 0.63 
F*P*S 0.47 0.23 0.04 0.39 0.80 0.25 0.49 0.61 0.42 0.58 0.68 0.35 0.04 

I*F*P*S 0.79 0.19 0.11 0.97 0.96 0.88 0.67 0.67 0.80 0.26 0.19 0.03 0.00 

R2 0.47 0.62 0.73 0.75 0.83 0.87 0.90 0.87 0.88 0.85 0.85 0.91 0.86 

a Effects are denoted as follows: R = Replication, I = I.noatlation with VAM, F = 
F\Imigation, P = fb:lsI:nate fertilization levels, S = Soils. Interaction terms have 
asterisks, e.g. I*F '""' ln)cu}.ation by F\Imigation. 
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("sterile") soils (Figure 3). Fran 42 Dt\P until the harvest, the 

plants gravirg in soils that were fumigated and were rx,t inoculated 

had, of all treatments, the lowest am:>U11ts of P in the pinnules. 

Effect of Rlosphorus Levels. Fran 14 Dt\P on, the quantity of P 

in pinnules increased with increasirg soil P levels (Figure 4). 

Effect of Inoculation + P Levels. Increases in pinnule P status 

in response to increasirg soil P levels were larger in the noninocu

lated treatments than in the soils inoculated with Gl0111US aggregaturn 

(Figure 5). '!he quantity of P in pinnules was affected fran 24 Dt\P, 

when the effect that increasirg soil P had of elevatirg pinnule P was 

nullified in soils inoculated with Gl0111US aggregaturn. 

Effect of Fumigation+ P Levels. Plant responses to increases in 

soil P levels were larger in fumigated soils than in nonfumigated soils 

(Figure 6). Fran 49 Dt\P through harvest, plants gravirg in nonfumiga

ted soils at all P levels had similar quantities of Pin their pinnules 

(Figure 6B), while plants in fumigated soils had increased anounts of P 

in their pinnules in response to increasirg levels of soil P (Figure 

6A). 

Effect of Inoculation, Fumigation, and P Levels. By the errl of 

the gravirg period, the plants gravirg in soils that were fumigated and 

not inoculated with Gl0111US aggregaturn (in "sterile" soils) had the 

smallest pinnules and the lOW'est percentages and quantities of Pin 

their pinnules. 'Ihese were the only plants that still resporrled to 

increasirg soil P levels (Figure 7). Other combinations of fumigation 

and inoculation treatments were not sensitive to differences in soil P 

availability. 

45 



7 
5 

CTI 
::i. 

.. 3 
a_ 

w 2 
_J 

::J 
z I I I I I I I I I I 

,I=>, z 1 
O'I 

a_ LSO(o.os) 
.6 

.4 
I I 

10 30 50 70 
DAYS AFTER PLANTING 

Figure 4. Differences in soil P availability: effects on pirurule P 
content over ti.me. 

http:LSO(o.os


7 INOCULATED 
5 

w .4~----..----------' 

3 

01 

2 
I I I I I I I I I I 

::i.. 1 LS Dea.as) 

CL .6 (A) 

_J 7 NONINOCULATED (B) 
~ 5 
z 3 
(L 

2 

P11 

.6 I I I I I I I I I I I I 
LSD

4 
. 10 30 50 70 

DAYS AFTER PLANTING 

Figure 5. Inoculation with ~ arrl differences in soil P availability: 
cx::ri>ined effects on pinnule P c:xmtent over tirre. Pl, P2, P3 she1,w 
in::reasi.rg P. (A) noninoculated, arrl (B) inoculated. 

47 

http:in::reasi.rg


7 NONFUMIGATED
5 

3 
2 

CJl 
:i. 

I I I I I I I I I I I I 
LSDco.os)0: .s 

.4w 
_J 7 
:::J 5 
z 
z 3 
0... 2 P1 

I I I I I I I I I I I I I I 
LSDco.os) 

.4 
10 30 50 70 

DAYS AFTER PLANTING 

Figure 6. Fumigation with rrethyl branide arrl differences in soil P 
availability: cx:mbined effects on pinnule P a:mtent over time. Pl, 
P2, P3 show in:reas~ P. (A) fumigated, arrl (B) nonfumigated. 

48 

http:LSDco.os
http:LSDco.os


66 OAP 
7-:-5-: -.. 3.:a.. -
21w 

_J ----:::> 1-:z -z . 5.: 
a.. .4-----..-.........................~~~...._...._.a....u.~J..... 

FUM FUM 
INOC INOC 

Figure 7. F\lmigation, inoculation, arrl soil P availability: canbined 
effects on pinnule P content at 66 days after plantirq. 

Pa+I 

Pa-I 

I I I I I I I I I I 
LSDco.os) 

.4 .__________~--~------~--~-., 
10 30 50 70 

DAYS AFTER PLANTING 

Figure a. soil series arrl inoculation: canbined effects on pinnule P 
content CNer tbre. soils: Wa = Wahiawa, Pa = Paaloa. +I arrl -I 
depict in:x::ul.ated arrl non.inoculated treatments. 
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Effect of Soils. 'Ihe plants growing in the Paaloa soil consis

tently had less total P per pinnule than did the plants growing in the 

Wahiawa soil. '!here was no significant interaction between soils arrl P 

levels at any ti.Ire, irrlicating that both of these treat:roonts acted on 

plants in a similar manner. Probably the Paaloa soil provided a lower 

level of available P than the Wahiawa soil at the sane target P level. 

Effect of Inoculation + Soil. At 31 D.1\P, differences in pinnule 

P contents between inoculated arrl noninoculated treatments were larger 

in the Paaloa soil than in the Wahiawa soil (Figure 8), the treatments 

inoculated with Glomus aggregatmn having the higher values. 'Ihese 

differences persisted through harvest. 

Effect of Inoculation, Fumigation, arrl Soil. Pinnule P contents 

of plants growing in the Paaloa soil increased much nore sla..1ly in 

response to inoculation with VAM when the soil was fumigated than when 

the soil was not fumigated (Figure 9) . Plant response to inoculation 

did not differ between fumigation treatments in the Wahiawa soil 

(Figure 9). 

Tc:Mard the errl of the growing period, in the soils that were 

fumigated arrl not inoculated, the pinnules of plants growing in the 

Paaloa soil were la..1er in P than were those in the Wahiawa soil. 

Pinnule P Content, P concentration, arrl Weight: Relationships 

overall, the trea'bnents affected all response variables in a 

similar fashion (see the ~ for pinnule weight arrl P 

concentration data). '!hat is, inoculation of soils with Glomus 

aggregatmn increased pinnule weights arrl P percentages, as it did 
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Table 6. - Percent of variation accounted for (lOO*lt) fran analyses 
of variance of pinnule P rontent (µ.g), percent P, an:l pi.nnule weight, 

for each day after plant~. Analyses of l~-tran.sfonned data. 

IY>.YS .AFTER PIANI'ING 

10 14 17 21 24 31 35 38 42 45 49 56 59 63 66 

PINNUI..E 
RESK>NSE 
p (µ.g) 
p (%) 
weight 

47 
41 
39 

62 
52 
58 

PER

73 
64 
58 

CENl' 

75 
64 
32 

OF VARIATION ACXXXJNI'

83 87 90 87 88 
89 91 90 85 86 
45 47 48 50 48 

ED FOR 

85 
71 
51 

85 
69 
73 

(lOO*if) 

91 
88 
82 

86 91 
78 89 
71 83 

90 
82 
78 

pinnule P rontents as discussed above. F\nnigation of soils decreased 

pinnule weights an:l P percentages in a manner similar to that observed 

in pi.nnule P rontent. 

'Ihe variable that was nost stror¥3"ly influenced by the treatments was 

the quantity of P per pinnule, follc:,..,ed by percent P an:l finally by 

pinnule weight (Table 6. 'Ihe It for P rontent is larger than or equal 

to that for percent P on all but two days; the It for percent P is 

larger than that for pinnule weight on all but two days) • 

It seems likely that the direct effect of myron:hl.zal infections on 

plant developnent was to increase the supply of P to the plant, which 

then increased plant's internal P roncentrations an:l, eventually, their 

grc:,..,th. 'Ihese ideas will be discussed nore fully in the follc:,..,if¥3" 

section. 

SUmrnary of Pinnule Sampling Results 

Inoculation of soils with Glornus aggregaturn augmented the quan

tity of Pin leucaena pinnules by 10 days after plantif¥3" (Figure 2, 
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Table 5). Pinnule P percentages were consistently higher in inoculated 

treabrents as of 21 Di\P (Apperrlix A Table 13; Apperrlix B Figure 26), 

arrl likewise pinnule weights after 35 Di\P (Apperrlix A Table 14 ; 

Apperrlix B Figure 27). Increasing soil P consistently increased 

pinnule P contents (Figure 4, Table 5) arrl concentrations (Apperrlix A 

Table 13 ; Apperrlix B Figure 28) fran 14 Di\P, but pinnule weights were 

not so strongly or consistently affected (Appen::iix A Table 14; ~

dix B Figure 29). Because increases in pinnule P contents (whether by 

increasing soil P availability or by mycorrhizal colonization) occurred 

before increases in pinnule weight, it seems likely that P supply 

controlled the~ of Leucaena leucocephala. 

'Ihe coefficient of detennination (unadjusted R2) for the quantity 

of P per pinnule was al:x::,ve 0.83 fran 24 Di\P through harvest (Table 6), 

showing that the treabrents accounted for nost of the plant P uptake. 

Treabrent variables accounted for a slightly smaller proportion of the 

variation in pinnule P percentages (Table 6) . But treabrent variables 

accounted for less than 60 % of the variation in leaf weights l.llltil 49 

Di\P, after which the R2 :remained aJ:x::,ve o. 70 for the duration of the 

experiment. Deformation of pinnules by psillid insects may have 

contributed to the increased variability in pinnule weights. 

'Ihe P percentages arrl P content of Leucaena leucocephala in 

nonfumigated arrl noninoculated ("natural") soils rose aJ:x::,ve those of 

plants grown in fumigated arrl noninoculated ("sterile") soils as of 38 

Di\P; by harvest, pinnules of the plants in the "natural" soils were 

about equal in P content (Figures 7 arrl 9), P concentration (Apperrlix A 

Table 14; Apperrlix B Figure 30), arrl weight (Apperrlix A Table 13; 
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~ B Figure 31) to pinnules of plants grown in soils inoculated 

with Glomus aggregaturn. Parallels between the P uptake of plants grown 

in "natural" soils after 38 IY\P arrl that of plants grown in inoculated 

soils after 17 IY\P (Figure 3) suggest that the plants in the "natural" 

soils becaire infected with i.rdigenous mycorrhizal flln:Ji after about one 

nonth. 

If all the plants grown in the VAM-inoculated arrl the "natural" 

soils formed effective mycorrhizal associations, then only the plants 

grCMing in "sterile" soils were left without the benefit of mycorrhizal 

symbioses. 'Ihese were the only plants still resporrlin;J to soil P 

availability by the errl of the experbrent (Figure 7) • 

'!here may have been differences between the two soils in the 

quality or density of the native mycorrhizal pc:p.llations. 'Ihe plants 

grCMing in the inoculated Paaloa soil increased pinnule Pearlier arrl 

faster when the soil was not fumigated than they did when the soil was 

fumigated, while there were no differences in response to inoculation 

with regard to fumigation in the Wahiawa soil. In the noninoculated 

treatments, the response to the eventual infection of plant roots by 

i.rdigenous mycorrhizal flln:Ji, aroun::l 45 IY\P, was much nore rapid in the 

Paaloa soil than in the Wahiawa soil (Figure 9). 

Treatment Effects on Leaf Pro:luction arrl Plant Height 

Inoculation of soils with Glomus aggregaturn increased, arrl 

fumigation of soils with methyl bromide decreased, leaf yields (Figure 

10). 'Ihese two treatments had by far the largest effects on leucaena 

grcMth (Table 7). Increasing soil P availability increased grcMth 
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Table 7. - Percentage of variation(%) in harvest data that each 
treatment variable accounted. for, an::l prooabilities (P) that 

i.rrleperrlent variables are not significant. 

mTA ANALYZED 

wr HI' I..NWl' INHI' 

p p % p p 
SOORCE ------

% % % 

Replication 0.1 0.829 0.7 0.563 0.0 0.867 0.4 0.620 
Fumigation 31.4 0.000 28.5 0.000 29.9 0.000 37.1 0.000 
Inoculation 27.1 0.000 15.6 0.000 23.8 0.000 20.3 0.000 
Soils 4.3 0.002 4.1 0.010 5.8 0.000 6.6 0.000 
P levels 6.3 0.001 5.7 0.010 9.5 0.000 7.3 0.001 

F*t' 0.1 0.697 0.4 0.390 4.3 0.000 3.4 0.007 
F*S 2.3 0.017 3.5 0.016 3.0 0.000 5.4 0.001 
F*P 0.1 0.907 0.9 0.448 2.6 0.000 0.3 0.748 
I*S 0.5 0.268 0.5 0.366 1.5 0.001 0.8 0.181 
I*P 0.7 0.407 2.2 0.159 6.9 0.000 6.4 0.002 
S*P 0.9 0.306 1.4 0.303 0.1 0.704 0.6 0.500 

F*I*S 2.6 0.012 2.9 0.028 0.0 0.999 0.8 0.175 
F*I*P 1.4 0.175 2.3 0.140 6.1 0.000 5.2 0.004 
F*S*P 2.8 0.033 2.1 0.166 0.8 0.026 1. 7 0.141 
I*S*P 1.2 0.215 1.8 0.223 0.5 0.125 1.8 0.120 

F*I*S*P 1.3 0.185 1.8 0.216 0.9 0.025 2.0 0.117 
"ft (%) 82.8 74.1 95.0 83.6 

a Symbols are as follows: F = fumigation, I= inoculation, P = soil P 
levels, S = different soils; the asterisk (*) shows an interaction 
term. 
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(Figure 10). Plants <Jr'CMll'B in the Paaloa soil were smaller than those 

<Jr'CMll'B in the Wahiawa soil. 

'!he effects of fumigation am inoculation of soils on leaf 

production were additive, am nearly equal. '!hat is, fumigation 

reduced leaf yield by about the same anount that inoculation increased 

it (Figure 11). 

Inoculation of soils eliminated the effect of soil P levels on 

leaf yield; but plants in uninoculated soils grew larger with 

increasirB soil P (Figure 12). 

CornbiniTB P availability with fumigation am inoculation treat-

10011ts, it was again the plants <Jr'CMll'B in "sterile" soils that respon

ded rrost to increased soil P. Within the inoculated treab'rents, the 

plants <Jr'CMll'B in the nonfumigated soils resporrled to increased soil P 

by increasirB leaf production, while in the fumigated soils plants 

sh~ed no response to increasirB P levels (Figure 13). 

It is likely that some factor other than P was limitirB plant 

gra..rth in the fumigated-inoculated treab'rent; quite possibly nitro;Jen. 

Soils in this experiment were not inoculated with Rhizobium. Fumiga

tion of soils should have eliminated native Rhizobium bacteria as well 

as vesicular-arbuscular mycon:hizal ~i. Except at the lowest level 

of soil P availability, the plants <Jr'CMll'B in the "natural" soils 

(neither fumigated nor inoculated) were larger am taller than the 

plants~ in soils that were both fumigated am inoculated. 
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Experiment 2 

'!his experiment was designed to clarify the effect of soil P 

buffer capacity on enhancement of leucaena growth am P uptake by 

Glornus aggregaturn. Four soils were adjusted to 9 levels of P SLJI:Ply; 

all soils were ftnnigated with rrethyl bromide am mixed 15:85 with 

blasting san:i. Soil P was rneasurerl by 6 different rrethods. 

Results of Soil P Sorption Tests 

Results of soil P so:rption tests of the soils selected for this 

experiment, usin;J the rrethod of Fox am Kanprath (1970), are presented 

in Figure 14. 

A Cll1'.Ve of the fo:rm 

log(cac12-P) =a+ B*log(r +Padded) (8) 

was fit to the data for each soil. a am B were determined by starrlard 

least squares procedures while adjustin;J r to minimize the error sum of 

squares. '!his cw:ve seems to fit the data quite well (Figure 14). '!he 

a am B coefficients provide the slope am intercept. '!he term log(r + 

Padded) prcx:iuces a line whose curvature decreases with increasing 

arrounts of P sortied. '!his confonns with a m::idel of P so:rption in which 

the energy of sorption decreases as the arrount of P sortied increases 

(Barrc:M, 1978). '!he rate of decrease of curvature is described by the 

coefficient r. 
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'!be values for a, B, am r have no ~ in themselves; they 

are closely correlated, am are very sensitive to the specific rcm;Je of 

data use:i. Havever, once the values for a, B, am r have been deter

mined, the quantity of P necessary to attain a given P concentration 

can be calculated; 

P to add = ( [P]/lOa) 1/B - r (9) 

this value is fairly insensitive to the exact rcm;Je of data use:i in its 

calculation. '!hat is, excludin;J the highest values fran the data set 

during the calculation of the coefficients had only a small affect on 

the estimate of the quantity of P to add. 

'!be slope, d(P added)/d(cacl2 P), can be calculated; 

(10) 

dQ/dI is the soil's P sorption capacity. It is also fairly insensitive 

to variations in the data rarge, am can be calculated for any cacl2-P 

concentration or am::>U11t of adde::l P within the rarge of the data. Table 

8 shows the slope of the Q/I relationship am the P necessary (in ng 

Pjkg) to bring each soil to each of the 9 P levels (cacl2-extract P 

concentrations). Because the P sorption capacity of a soil changes 

with the solution P concentration (Table 8), a:xnparisons of P sorption 

capacities among soils should be at one concentration. 

'!be ratios of P sorption capacities, calculated for all canbina

tions of the 4 soils at each targeted P intensity, vary IOC>re among 
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Table 8. - '!he slope of the Q/I relationship am. P necessary (in ng 
Pjkg soil) for each soil at the targeted cac1z-P corx:ientrations. 

Targeted [P] 0.01 0.02 0.04 0.08 0.16 0.32 0.64 1.28 2.56 
SOIL 

I.ualualei dQ/dI 2234 1340 804 482 289 174 104 63 38 
p needed 20 37 57 82 111 146 189 239 300 

Wahiawa dQ/dI 4940 3059 1894 1173 726 450 278 172 107 
p needed 3 41 89 147 220 309 421 558 729 

Kapaa dQ/dI 23919 14261 8503 5070 3023 1802 1075 641 382 
p needed -17 164 380 638 945 1312 1749 2270 2892 

Honokaa dQ/dI 56809 34520 20976 12746 7745 4706 2860 1738 1056 
p needed 209 643 1172 1814 2594 3543 4695 6096 7798 

Table 9. - Ratios of soil P capacity estimates anon; soils at 
targeted ~~;rp concentrations. First column shows soils c::arpared: 

I..u = ualei, Wa = Wahiawa, Ka = Kapa.a, am. Ho = Honokaa. 
Wa/I..u = Wahiawa/I.ualualei ratio, etc. 

Ta.I'Qeted cacl2-P Concentration 
sons 0.01 0.02 0.04 0.08 0.16 0.32 0.64 1.28 2.56 c.v. 
---- (%) 
Wa/I..u 2.2 2.3 2.4 2.4 2.5 2.6 2.7 2.8 2.8 8.6 
Ka/I..u 10.7 10.6 10.6 10.5 10.4 10.4 10.3 10.2 10.2 1. 7 
Ho/I..u 25.4 25.8 26.1 26.4 26.8 27.1 27.4 27.8 28.2 3.5 
KajWa 4.8 4.7 4.5 4.3 4.2 4.0 3.9 3.7 3.6 10.3 
HojWa 11.5 11.3 11.1 10.9 10.7 10.5 10.3 10.1 9.9 5.2 
Ho/Ka 2.4 2.4 2.5 2.5 2.6 2.6 2.7 2.7 2.8 5.2 

CV(%) 92 93 95 96 97 98 99 100 102 
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soils at a targeted P concentration than they do within any 2-soil 

ccrcparison across the ran;1e of P levels (Table 9). It might be prac

ticable to use a sin:Jle value to represent the P sorption capacity of 

each soil across all P levels. 

lorn-Term Soil P Sorption Measurement 

After soil airerrlments were added, a sanple of each soil by P 

level combination was set aside an:i naintained at field capacity an:i 

room tenperature for 90 days, then tested for P intensity by equi

libration with 0.01 M cac12 (Figure 15). 

At ireasured solution P concentrations above 0.01 ng P/1, the 

general pattern of Q/I relationships predicted by the P sorption curves 

was naintained, with the l.llalualei soil sort>in:J the least P at a given 

soil solution P level, fella.led in order by the Wahiawa soil, the Kapa.a 

soil, an:i the Honokaa soil. Bela.-, O. 01 ng P/1, the ¥apaa soil sha-led 

the lCMeSt solution P concentration in relation to P sorbed. 

Crnparison of P Sorption Measurement Methods 

cacl2 solution P concentrations attained after the 9D-day incuba

tion were (except in one case) lower than predicted by the 6-day 

equilibration prcx::edure (Figure 16). 'Ihe ratio of ireasured cac12-P to 

targeted cacl2-P concentration was smallest at the highest P levels. 

'Ihe ¥apaa soil had the la.-1est ratio of ireasured to targeted P con

centration at all P levels, fella.led by the Honokaa, Wahiawa, an:i 

lllalualei soils. 
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In general, then, the 6-day equilibration prcx::edure urrleres

timated the quantity of P to add to attain a given cac1i-P corx::entra

tion. '!he soils with lower P sorption capacities were closer to 

"equilibrimn" after the 6-day equilibration procedure than were the 

soils with higher P sorption capacities. art the Honokaa soil was 

closer to equilibrimn after the 6-day P-sorption test than was the 

Fapaa soil, 'Which had a lower iooasured P sorption capacity. 

Soil P Availability Measurements 

'!he arnerrle::l soils were tested for P availability after the 90-day 

equilibration, using three carnroc>n P-extracting solutions. Plots of 

cacl2-P versus "available" P are shown in Figure 17. 

While the HCl-~4-extractable P values for the Honokaa soil were 

lower than those for all three other soils, the NaH~-extractable P 

values for the Honokaa soil were above those of the I.llalualei soil am 

below those of the two Oxisols. '!he Nl\F-HCl-extractable P values for 

the Honokaa soil were about the same as those for the Wahiawa soil, 

above those for the I.llalualei soil am below those for the Kapaa soil 

(Figure 17). 

At c:x:,rrparable cac12-P concentrations, all three of the soil P 

availability irrlexes gave extractable P values for the Kapaa soil am 

Wahiawa soil that are above those for the I.llalualei soil. However, the 

Kapaa soil released irore P than the Wahiawa soil when extracte::l with 

NaH~ am Nl\F-HCl, but less than the Wahiawa soil when extracte::l with 

HCl-~4 • 'lhese three soil P availability irrlexes nay extract soil P 
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in different proportions fran the different pools of Pin the soil 

('Ihcmas arrl Peaslee 1973). 

Because the three availability irrlices gave different results, we 

can conclude that at least one of them is not appropriate for assessing 

plant-available P across the range of soils used in the present 

e.xperilrent. We will t..ry to detennine \vhich irrlex was nost useful in 

describin;J plant response to soil P arrl to mycorrhizal inoculation. 

Plant P status D.rring Growth 

Increases in solution P (as measured by cac12 equilibration) 

caused increased plant P, as measured by the P content of pinnules, 

through nost of the e.xperilrent (Table 10). Incx::ulation of soils with 

GlOITIUS aggregaturn did not affect plant P through the first 38 days 

after planting (Table 10, Figure 18), but by 41 DM>, plants growing in 

some inoculated soils had larger quantities of Pin pinnules than 

plants in noninoculated soils. Fran 52 DM' through harvest, all plants 

in inoculated soils had larger quantities of P per pinnule than did 

plants grown without VN'I.. So for al:xJut 20 to 30 days, plants growin;J 

in soils inoculated with G. aggregaturn had increased aa:::ess to P over 

that of plants growin;J without the ft.rrgus. 

Effect of VN1 Inoculation on Root Colonization by Mycorrnizal F\.lnqi 

Plants grown in soils inoculated with G. aggregaturn had higher 

pera?.ntages of their root length colonized by fun;i than did plants 

grown in soils that were not inoculated (P < 10·9 ; Figure 19). Coloni

zation of plant roots by the ft.rrgus i.rrlicates that differences in 
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Table 10. - Pinnule P resp::>nse to solution P concentrations arrl VAM 
inoculation durin:J plant grc:M:h. Probabilities of type I error. 

SOILS 
l.llalualei 
Wahiawa 
Kapaa 
Honokaa 

SOILS 
l.llalualei 
Wahiawa 
Kapaa 
Honokaa 

EFFECT OF SOIL SOlUI'ION P CDNCENrnATION 
Days after plantin:J 

12 16 19 25 38 41 45 52 59 62 72 

Probability Level 

0.16 0.01 o.oo 0.00 0.00 o.oo 0.02 0.41 0.15 0.14 0.73 
0.00 0.85 0.00 0.00 0.00 0.00 0.00 0.24 0.16 0.88 0.90 
0.01 0.00 0.00 o.oo 0.00 0.00 0.00 0.01 0.01 0.21 0.37 
0.00 0.02 0.00 0.00 o.oo o.oo 0.00 o.oo 0.00 0.27 0.38 

EFFECT OF IN<XUIATION WI'IH VAM FUNGI 
Days after plantin:J 

12 16 19 25 38 41 45 52 59 62 72 

Probability Level 

0.85 0.28 0.26 0.20 0.08 0.01 0.00 0.00 0.00 0.00 0.00 
0.55 0.33 0.40 0.96 0.32 0.00 0.00 0.00 0.00 0.00 0.00 
0.95 0.51 0.00 0.58 0.07 0.27 0.17 0.00 0.00 0.00 0.00 
0.03 0.16 0.69 0.92 0.910.07 0.00 0.00 0.00 0.00 0.00 

leucaena grcM:h arrl P uptake resultin:J fran inoculation of soils with 

G. aggregaturn could have resulted fran a symbiosis between the plant 

arrl the ftmJUS. 

Soil P Measurements and Plant P Uptake 

When mycorrhizal arrl nornnycorrhizal treatments were pooled, total 

plant P uptake was more highly correlated with inoculation of soils 

with VAM ~i (inoculation coded as +1 arrl -1; r = o. 70) than by soil 

P as neasured by any of the extract.ants (see IOOI.ED Ili\TA in Table 11). 

As levels of extractable soil P increased, plant Palso increased 

(all correlation coefficients are positive; Table 11). Nl\.F+HCl-P 
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Table 11. - Correlation coefficients of total plant P with several iooasures 
of extractable P. '!he column of means is for the analyses within soils arxi 

in:x::ulation classes. 

INOCUIATIOO WI'IHIN SOILS AND INOCUIATICN CI.ASSES 
fOOI.ED CI.ASSES I.ualualei Wah;iawa KaQga Honokaa 

SOIL TEST IY\TA -V'N'J. +V'N'J. -V'N'J. +V'N'J. -V'N'J. +V'N'J. -V'N'J. +V'N'J. -VAM +VAM mean 

CaC12-P 0.30 0.61 0.41 0.91 0.60 0.85 0.59 0.91 0.62 0.90 0.74 0.76 
NaHCD3-P 0.40 0.76 0.59 0.84 0.86 0.97 0.65 0.95 0.79 0.99 0.84 0.86 

HCl +H2S04-P 0.22 0.46 0.31 0.92 0.73 0.97 0.66 0.94 0.71 0.97 0.81 0.84 
HCl+NH4F-P 0.48 0.86 0.70 0.91 0.77 0.97 0.66 0.97 0.77 0.98 0.84 0.86 

lCXJCaCl2 0.38 0.69 0.57 0.84 0.81 0.97 0.64 0.95 0.84 0.95 0.87 0.86 
l(XJNaHCD3 0.43 0.70 0.66 0.76 0.87 0.97 0.65 0.78 0.89 0.92 0.90 0.84 

logHCl+H2S04 0.27 0.48 0.43 0.89 0.80 0.97 0.66 0.77 0.90 0.89 0.82 0.83 
logHCl+NH4F 0.50 0.78 0.79 0.82 0.85 0.96 0.65 0.79 0.90 0.92 0.89 0.85 

MEANS 0.39 0.64 0.54 0.86 0.78 0.95 0.63 0.88 0.81 0.94 0.85 0.84 

Prob. (5%) 0.20 0.23 0.23 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 



correlated best with plant Pin the pcx:>led data, follc:Med in order by 

NaH~-P, caClz-P, arrl HCl+Rp04-P. By analyz~ inoculated arrl nonin

oculated treatments separately (see INOClJI.ATION CIA5SES in Table 11}, 

correlations of extractable soil P measuremmts with plant P uptake 

were greatly inproved, derronstrat~ that mycorrhizal arrl nornnycor

rhizal plants respon:l differently to differences in soil P availabi

lity. '!he rankirg of the soil P extraction methc:rls renained the same 

as with the pcx:>led data, with HCl+Nl\F-P again perfonnin;J the best. 

P uptake by nornnycorrhizal plants paralleled measured soil P nore 

closely (higher coefficients of correlation} than did the P uptake by 

mycorrhizal plants. Some possible explanations of this are the 

follow~: 

(1) Differences in time (arrl hence degree) of colonization of 

mycorrhizal plants may have introduced a source of variability that was 

absent with the -VAM plants, arrl increased the variation a:rron:J +VAM 

plants. '!he variation a:rron:J mycorrhizal plants was higher than that 

a:rron:J nornnycorrhizal plants, partly because the mycorrhizal plants were 

larger. 

(2) Correlation coefficients can reflect the ran:Je of differen

ces within measured variables (in this case, soil P arrl plant P uptake} 

with respect to the variance of the measuremmts. '!hat is, if the 

ran:Je is small relative to the variance, it is not possible to get a 

high correlation. Alron:J the noninoculated treatments there were plants 

that took up very little P, as well as sare that took up a fair arrount. 

'!his provided a wide ran:Je of plant P uptake values, arrl we fin:l high 

correlations with soil P. In inoculated Wahiawa soil, which had the 
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lowest correlation between soil test P arrl plant P, we also fim the 

smallest difference between low arrl high plant P content (17 to 34 ng; 

Figure 20) • Mycorrhizal plants in Honokaa soil took up between 10 arrl 

54 ng P per plant, arrl the correlation is higher. 

(3) Nornnycorrhizal leucaena was highly responsive in the ran;Je 

of soil P availability presented, while mycorrhizal leucaena might be 

nnst responsive over a smaller (arrl lower) ran;Je of P availability. 

Within soil arrl inoculation classes, the relationship between 

plant P uptake arrl "available" soil P was fairly close (IOOan of 0.84; 

Table 11). In the I..ualualei, Kapaa, arrl Honokaa soils, P uptake by 

nornnycorrhizal plants seemed to be irore closely related to the 

untransfornro irea.surements of "available" soil P than to the logarithm 

of soil P, while P uptake by mycorrhizal plants was irore closely 

related to the logarithm of the soil P neasures. '!his may Wicate 

that P uptake of nornnycorrhizal plants increased in response to 

increas~ soil P over its entire ran;Je, while P uptake of mycorrhizal 

plants increased rapidly at low soil P before approadlin:;J an asynptote. 

Taking the logarithm of the extractable P values inproved the relation 

of cacl2-P to plant P uptake in all but one of the soil-by-incx:::ulation 

classes. A linear relationship between plant P uptake arrl log(soil P) 

ilTlplies a rocdel in which doubl~ soil P adds a constant incre.Irent to 

plant P uptake. 

Although sc:are P extractant solutions perfonned quite well with 

specific soils in extract~ a quantity of soil P proportional to that 

taken up by plants, there was not much difference in overall effec

tiveness of one extractant over another across the ran;Je of soils arrl 
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inoculation classes. An ideal soil P extractant wo.ild extract a 

quantity of soil P proportional to that taken up by plants, arrl wo.ild 

do so across a wide ~e of soils. 'Ihe best extractant in this sense 

was the HCl+NJ\F (see INOClJIATION CLASSES, Table 11). 

VAM Fungi arrl Plant P Uptake 

Plants that developed myCX)rrhizal root systems absorbed m::>re P 

fran the soil than did plants without myCX)rrhizae (Fig 20) • '!he 

relation between the total P uptake (ng Pin leaves arrl sters) of the 

two treatnents was 

-VAM P uptake = 0. 087 * lOO.O!iS*C+VAM P 4)take) (11) 

Except at the vecy lowest levels of soil P availability 

(CX)rresporrling to the l0v1est -VAM plant P uptake), myCX)rrhizal 

associations increased total plant P. At the lowest values of plant P 

am::>n;J nornnyCX)rrhizal treatnents, the advantage CX)nferred by the VAM 

fUn;JUS was eliminated; there was no difference between the total P 

CX)ntent of inoculated arrl noninoculated treabrents in the CX)ntrol 

treatnent (100% sarrl) arrl in the Kapaa soil at the lowest cac12-P 

CX)ncentration (about 0.003 ng P 1"1
). 'Ihe 5UF-Ply of P fran these soils 

was apparently bel0v1 a threshold at which fflYCX)rrhizal roots could 

absorb P. 

'Ihe largest increases in the quantity of P taken up by myCX)r

:rhizal plants relative to nornnyCX)rrhizal plants were in the ~e of 30 

ng (Figure 21), at which the ratio of (+VAM P uptake)/(-VAM P uptake) 
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was al:x>ut 2. 8. When the solution P concentration was above the 

threshold of al:x>ut 0.003 ng P 1-1
, the difference between mycon:hizal 

and nonmycon:hizal P uptake increased as soil P availability increased 

(Figure 21), while the ratio of mycon:hizal to nonmycon:hizal P uptake 

decreased with increasing soil P availability. 'Ibe largest ratios of 

mycon:hizal to nonmycorrhizal plant P uptake occurred just above the 

threshold, where mycon:hizal plants contained 40 to 60 times the ail'OUl1t 

of P of nonmycon:hizal plants. '!he actual increase in quantity of P 

fran -VNII. to +VNII. between these plants was al:x>ut 10 ng, so the mag

nitude of the ratio was largely produced by the small quantity of Pin 

the nonmycorrhizal plants. 

Increases of mycorrhizal over nonmycorrhizal plant P uptake might 

be produced by differences between leucaena roots arrl mycorrhizal 

h}'Iilae (or mycorrhizal roots) in threshold P concentration, response to 

increasing solution P concentrations above the threshold, arrl maxilrlu:m 

rate of P uptake, as well as by increases in the volume of soil 

exploited. as noted. earlier. 'Ibese topics will be addressed belav, with 

the discussion of the relationship between solution P concentration arrl 

plant P uptake. 

Solution P Concentration and Plant P Uptake 

While cacl2-extractable Pis not identical with soil solution P, 

it is a useful irrlex of soil solution P intensity (Olsen arrl Watanabe 

1970; Soltanp:,ur et al. 1974), arrl will be used as sudl in the 

follaving discussion. Where "solution P'' is stated., it will be caclrP 

that is reported. unless otherwise noted.. Increasing solution P 
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concentrations increased plant P for both +VAM arrl -VAM treatments 

(Table 11, Figures 22 arrl 23). 'Ihere ai:parently was a solution P 

concentration where nornnycor:rhizal leucaena cc:w.d oot ootain P fran the 

soil solution, but where leucaena with the help of VAM ~i cc:w.d 

(cntpare Figures 22 arrl 23, especially Kapaa soil). 'Ihis suggests that 

at least a part of the enhancement of leucaena grcMth by the ~ was 

due to a lower threshold P concentration for mycor:rhizal than for 

nornnycor:rhizal roots. 

Irnrrroiately above the threshold, P uptake increased in response 

to increasing solution P concentrations nuch IOC>re rapidly in mycor

:rhizal than nornnycor:rhizal leucaena (Figure 23). But the responses of 

the +VAM arrl -VAM plants to increasing P concentrations beyo:rrl 0.1 ng 

P/1 are not nn.ich different; both mycor:rhizal arrl nornnycor:rhizal plants 

appear to have increased P uptake at about the same rate. 

Mycor:rhizal leucaena may have reached its maximum uptake within 

each soil (Figure 21); the difference between mycor:rhizal arrl non

mycor:rhizal plant P uptake, arrl therefore the P uptake attributable to 

the VAM fun;Jus, appears to plateau between O. 02 arrl o. 05 ngP/1. But 

noranycor:rhizal leucaena seems not to have achieved a maximum of P 

uptake, because total plant P continued to increase with increasing 

solution P concentrations in all soils (Figure 22). 

Soil P Buffer capacity and Plant P Uptake 

At comparable cacl2-P concentrations, increasing P buffer capacity 

increased plant P contents in both mycor:rhizal arrl nornnycor:rhizal 

treatments (Figures 22, 23). 'Ihe soil with the highest P sor:ption 

79 



20 
NONMYCORRHIZAL PLANTS 

HSOILS: PBC 
H = HONOKAA 51 80

C)'l 15 HK = KAPM 2140E 
.. W = WAHIAWA 460 

a.. L = LUALUALEI 200 
10 H wI- Kz w 

~ H::i w()) a..0 w5 Lw L 
K H LJJ 

LL L 

0 
0.003 0.01 0.03 0.1 0.3 

CaCl2 -P, mg/L 

Figure 22. P uptake by lXllllIIYCX>rrhizal plants versus Caelz-P 
oarx::ientratian. 



60 
H - HONOKAA 
K - KAPAA 

H W - WAHIAWA50 
---- L - LUALUALEI 

Ol -- = +VAM
E 40 H = -VAM 

... 
a.. 
.__ 30 K 

w w 
wz 

:5 20 LW L ---(X) .... a.. ------ L 

10 

0
0.0 0.1 0.2 0.3 

CaCl2-P, mg/L 

Figure 23. P uptake by myCX>rrlrizal arrl J'X)lllTIJCX>rrllizal plants versus 
ca~-P concentration. 



ca:pa.city (Honokaa) supplied larger quantities P to plants than did 

soils with lower l:.uffer capacities. '!his is especially evident when 

the total P uptake of plants grown in the Honokaa soil is carpared with 

that of plants grown in the I.ualualei soil, which had the lc:Mest P 

l:.uffer ca:pa.city. 

'!his relationship between P l:.uffer capacity and plant P uptake is 

to be~ fran the definition of P l:.uffer ca:pa.city: the power of 

a soil to resist charges in soil solution P concentration as Pis 

reiroved fran the soil. 'lhus, soils havin;J the same initial solution P 

concentration but different P l:.uffer ca:pa.cities sha.ild initially 

provide P to plants grc:Min;J in them at the same rate. 'As plants absorb 

P, solution P concentrations would decrease faster in a soil with a 

lower buffer ca:pa.city than they would in a soil with a higher P l:.uffer 

ca:pa.city, resultin;J in higher solution P concentrations in the soil 

havin;J the higher buffer ca:pa.city than in the soil with the lower 

ruffer ca:pa.city. 

Combined Effects of VAM and Soil P Availability on Plant P Uptake 

In ccuparin;J the differences in plant P uptake between Honokaa 

and I.ualualei soils (Figure 23), it seems apparent that increasin;J P 

l:.uffer cap:1.city increased plant P uptake nore for mycorrhizal plants 

than for those without VAM fun;Ji; or, fran the q:posite starrlpoint, 

the P supply to plants was inpaired rrore by low P l:.uffer ca:pa.city when 

mycorrhizal plants reiroved larger quantities of P fran the soil. 

Plants that were colonized by VAM fun;Ji extracted nore P fran the soil 

than did plants that were not mycorrhizal (Figure 23) ; this would have 
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increased the stress on the soil's ability to maintain solution P 

concentrations. Increasin;J P buffer capacity would have decreased the 

rate at which the solution concentration drq::ped as P was witlrlrawn, 

arrl thus maintained a better supply of P. 

While it appears that mycorrhizal plants growin;J in the Honokaa 

soil continued to increase P uptake with increasin;J solution P con

centrations, mycorrhizal plants in the other three soils seem to have 

reached maxima of P content (Figure 23). Increasin;J solution P con

centrations may have increased plant P uptake m:>re when the P buffer 

capacity was high than when it was la.1. Perhaps the increased plant P 

uptake obtained when P concentrations were high was only maintained 

when P buffer capacity was also high, arrl therefore able to sustain 

those high P concentrations. 

Because P buffer capacity decreases with increasin;J solution P 

(Figure 1, Table 8), differences am:>n:J soils in ability to buffer 

solution P concentrations as Pis renoved might be acx::entuated at 

higher solution P levels; the decrease in solution P concentration 

resultin;J from a given withdrawal of P would be largest in a soil of 

la.1 P buffer capacity at high solution P levels. 'Ihis would affect 

plant P uptake where plants are still resporrling to increasin;J solution 

P. 

It seems likely that leucaena roots in symbiosis with Glorrus 

aggregaturn can obtain P from solution at la,,er concentrations than can 

leucaena roots alone. Increased P uptake by mycorrhizal plants may not 

simply be due to a m:>re extensive exploitation of the soil voll.nne by 

the fungi, but also to a physiological difference between mycorrhizal 
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arrl nonrnycorrhizal roots in threshold concentrations for P uptake. 

'!his would produce a nore intensive exploitation of the soil P resour-

ces. 

Because soil P buffer ca:pacity (dQ/dI) increases as soil solution 

concentrations decrease (Table 8) , a larger quantity of P would be 

released for a given decrease in P concentration (for ex.arrple, a 

decrease of O. 005 rrg P /L) fran a soil that is at a lower initial P 

concentration. A lower threshold concentration for mycorrhizal as 

c::orrpared to nornnycorrhizal roots would thus have two c:x:xnplementary 

effects. 

First, it would increase P uptake for mycorrhizal plants at 

solution concentrations at which plants without mycorrhizae would be 

deficient in P. '!his might explain the high ratio of +VAM,1-VAM P 

uptake at lCM solution P concentrations. 

Se.com, it would increase P uptake by mycorrhizal plants relative 

to nornnycorrhizal plants at the concentrations at which such increases 

would provide the nost benefit (where dQ/dI is largest); this might 

aCCOlll1t for the steep slope of the P uptake response cw:ve for mycor

rhizal leucaena at lCM solution P concentrations. 

A lCMer threshold P concentration for g. aggregatum hyt::hae as 

c::orrpared with leucaena roots implies that the fungus must have a nore 

efficient uptake mechanism than the plant; the specific P absorption 

sites of the fungus have a stron:Jer affinity for P than do those of the 

plant. '!his would also create a steeper response to increasin:3' solu

tion P concentrations. 
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Plant Weight arrl P Uptake 

Plant weights followed the general pattern of P uptake (Figure 

24); leucaena weight arrl P uptake were increased by in::reasin; solu

tion P concentrations, increasin;J P buffer capacity, arrl mycorrhizal 

symbioses. However, plants with high P contents had higher P per

centages than plants with lower P contents (Figure 24). '!his resulted 

in smaller differences between treatm:mts when c:x::rrparisons were made on 

the basis of weight rather than P content. 

Development of the P Uptake F.quation 

'Ihus far, nruch of the discussion of the data has been qualita

tive. 'lb make quantitative estimates of the effects of solution P 

concentrations, P buffer capacity, arrl mycorrhizal symbioses on P 

uptake by leucaena, an equation was fonnulated that described leucaena 

P uptake in tenns of these treatm:mt variables. 'Ihe equation included 

the treatm:mt variables in fonri.s that could depict mechanisms of the P 

supply arrl uptake system, in order to provide insight into the P1ysi

cal, chemical, arrl biological proc:esses operatin;J in the soil-root

fungus system. 

Concepts upon which the equation was based include the followin;J: 

(1) '!here was a minimum P concentration below which plants could 

not absorb P from the soil solution. Results support this stipulation 

(Figures 22 arrl 23). 

(2) 'Ihe threshold concentration differed between mycorrhizal arrl 

nornuycorrhizal plants. 
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(3) 'As solution P ooncentrations ira:-eased above their respec

tive thresholds, the initial responses (slopes of the response curves) 

of myoorrh.izal am nonmyoorrh.izal plants to increasing P concentrations 

differed markedly (Figure 23) 

(4) '!here was a maximum potential for P uptake, detennina:1 in 

part by a maximum P uptake rate am a maximum rate of~ root gru,.,th 

(which would increase the P uptake rate) . It arpears fran Figure 23 

that in three of the inoculated soils (Il.lalualei, Wahiawa, am Kapaa) 

plant P uptake reached a plateau at about O.1 rrg P 1·1
• 

(5) '!he maximum potential for P uptake differed between myoor

rtrizal am nonmyoorrh.izal plants. Even at the highest P ooncentra

tions, myoorrh.izal plants took up oonsiderably nore P than ccnparable 

nonmyoorrh.izal plants (Figure 23). It might be that solution P was not 

high enough to support maximum uptake by nonmyoorrh.izal plants; this 

idea will be tested 'when estimating the m::xiel paraneters. 

(6) '!he maximum P uptake potential was also influenced by the 

P-supplying capacity of the soil in which the plants were grown; that 

is, the soil, the root, am the fun:;Jal symbiont were an integrated 

system that supplied P to plants. As discussed above, even in soils 

with high initial solution P ooncentrations, P buffer capacity affects 

the rate of delivery of P to roots once the plant begins to withdraw P 

fran the system. 

'!he equation userl to describe the relationship of leucaena P 

uptake to soil solution P ooncentration, soil P buffer capacity, am 
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mycorrllizal colonization was adapted fran the Midlaelis-Menten m:del of 

enzyne kinetics. 

nie Michaelis-Menten equation, 

V = 'il'rnax*M/ (Krn+M) (12) 

describes the rate of an enzyme-catalyzed reaction (V) in relation to 

the enzyne concentration (Vmax), substrate concentration (M), arrl the 

concentration of substrate (Km) at which the rate of the reaction is 

one-half of the maximum (Km = M where V = O. 5*Vmax) (Barber 1984) • Km 

has been interpreted as expressin:;J the affinity of the enzyne for the 

substrate (Salisbury arrl Ross 1985). 

Claassen arrl Barber (1976) m:xli.fied the equation to describe 

nutrient uptake by plants, writin:;J it as 

(13) 

where In is the rate of nutrient uptake per unit area, !max is the 

uptake rate at "infinite concentration", Clo is the solution concentra

tion of nutrient at the root surface, arrl Eis the rate of loss of the 

nutrient from the root through leakage. 

nie fonn of the equation used by Barber (1984), in his m::idel of 

soil nutrient availability, further m:xli.fied the Michaelis-Menten 

equation to 

In= Imax*(Cl-anin)/(Krn+Cl-anin) (14) 
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substitutirg Cl for Clo, arrl intrcxiucirg a tenn (anin) for the solution 

concentration at whidl there is no nutrient influx (Nielsen 1976). 

When this equation is used, Rm+Onin (arrl oot Km alone) is the solution 

ex>ncentration at whidl the rate of nutrient uptake is one-half of the 

rnaxinrum. anin can be interprete:i as the ex>ncentration at whidl influx 

to the root equals efflux frcm the root ("net influx reaches zero"; 

Barber, 1984). Because total plant nutrient uptake integrates many 

rate processes over time, the application of this rate equation to 

account for P uptake by leucaena durirg a 72-day peric:rl may be 

appropriate. 

In the final equation, a tenn was ad::led to account for the effect 

of soil P buffer capacity on plant P uptake, arrl notation was altered 

to emphasize that the situation described is different frcm ooth the 

Michaelis-Menten nod.el of enzyrre kinetics arrl the Barber nod.el of root 

nutrient uptake. 'Ihe equation used was 

Up = (Eo+B, *PBC) *Umax* (Cl-cthr) / (Kr+ (Cl-cthr)) (15) 

where Up is total plant P uptake, I\i arrl B, are par.meters, POC is the 

square root of the estimate:i P buffer capacity (dQ/dI) of a soil at 

o. 02 ng P 1 ·1 
, Umax estimates the maxilTlum P uptake potential, Cl is the 

initial solution P ex>ncentration, Cthr estimates the threshold P 

ex>ncentration, arrl Kr estimates the solution P ex>ncentration where Up= 

0.5*Umax. 'Ihe equation was fit separately for myex>rrhizal arrl non

myex>rrhizal plants. 
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Table 12. - Parameter estimates for P uptake m:xie1 (equation 14)8, 
estimated separately for mycorrhizal (+VAM) am raunycorrhizal (-VAM) 

plants. 

pARAMEI'Elf +VAM -VAM l.llllts 

0.523 0.275~ 
0.013 0.026Bi

Umax 148 61.6 
cthr 0.0026 0.0046 
Kr 0.0103 0.0916 

8tJp = (~+Bi*PBC) *Umax* (Cl-ct.hr)/ (Kr+ (Cl-ct.hr)) 

bcJp = plant P uptake pot"1
, ~ am ~ are coefficients, Umax = maxiITD..nn 

0potential P uptake, PBC = (f'BCu 02 ) • , Cl = initial solution P concentra
tion, cthr = threshold P conceritration, Kr= Cl-ct.hr where Up= 
0.5*Umax. 

Parameter Estimates of the P Uptake F.guation 

'Ihe parameters of the m:xiel were estimated usin;J data fran 

experi.Irent 2, in which both mycorrhizal am nornnycorrhizal leucaena 

were grown with two replications in four soils, each adjusted to nine 

levels of soil P availability (144 data points). Parameters, estimated 

separately for mycorrhizal am nornnycorrhizal plants, are presented in 

Table 12. 

'lhe equation accounted for 91% of the variation in the data. 

Estimated values are shown in figure 25, with the data points. 

'lhe estimate of Umax was larger, am estimates of cthr am Kr 

were lower, for mycorrhizal than for nornnycorrhizal plants. It appears 

that the main differences between mycorrhizal am nonrnycorrhizal plants 

was in their respective maxima of P uptake (Umax) am in the affinity 

(Kr) of their P absorption sites for Pin solution. 'lhe large 
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difference between the estimates of Umax might i.rrlicate the degree to 

which leucaena deperrls on mycorrhizae for its suwly of P, arrl sug:;Jests 

that nonmycorrhizal leucaena roots can not absorb P fran solution at 

the same rate as mycorrhizal leucaena, even at very high solution P 

concentrations. Because the duration of mycorrhizal P uptake was 

probably less than half that of nonmycorrhizal P uptake (see above, 

Plant P status D.lring Gro.vth}, the actual value of Umax (if it is 

regarded as a rate constant) c:nlld be nore than do.Jble that shown here. 

Umax might represent the absorption sites contributed by the mycor

rhizae to the total P uptake capacity of the plant. 

'Ihe solution P concentration at whidl uptake is one-half the 

maximum is Kr+Cthr (see above). 'Ibis equals about 0.013 arrl 0.096 for 

mycorrhizal arrl nonmycorrhizal plants, respectively. 'Ihus, not only 

did mycorrhizal roots absorb Pat a faster rate (higher Umax) than did 

nonmycorrhizal roots, but they did so at lower solution concentrations. 

'Ihe difference between the estimates of cthr is very small. 'Ihe 

estimated cthr for nonmycorrhizal plants (0.005 ng P 1"1
) was nudl 

smaller than the apparent threshold P concentration of about 0.008 ng P 

1"1 estimated fran Figure 22. 

'Ihe parameter estimates, I\J arrl B, (Table 12) , describing the 

effect of soil P buffer capacity on plant P uptake, sug:;Jest that higher 

buffer capacity increased P uptake for both mycorrhizal arrl nonmycor

rhizal plants. 'Ihe percentage increase in P uptake attributable to P 

buffer capacity was probably greater on nonmycorrhizal plants (B, is 

larger for the -VAf/1 plants) ; however, because mycorrhizal plants took 
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up nore total P, the increase in quantity of P taken up was greater 

anong the my(X)rrhizal plants (Figure 25). 

Even though this equation accounted for 91% of the variation in 

the experi.Ioontal data while using reasonable assurrptions, there were 

several discrepancies between m:x:lel predictions arrl data points. 

While the Wah.iawa arrl Kapaa soils had different P sorption 

dlaracteristics (Table 8, Figures 14, 15), P uptake by plants was 

nearly identical in response to solution P concentration arrl my(X)r

rhizal status in these soils (Figures 22, 23). 'Iwo possible explana

tions are the following: 

'!he Wah.iawa arrl Honokaa soils broke into smaller aggregates when 

mixed with the blasting sarrl than did the Kapaa arrl lllalualei soils 

(personal observation) • 'Ihus, while the roots in all soils should have 

had similar environments with respect to aeration, water supply, arrl 

penetrability, plants growing in the Wah.iawa arrl Honokaa soils probably 

had a larger portion of their root surface in contact with soil par

ticles than did plants growing in the Kapaa arrl lllalualei soils. 

Because soil particles were the source of Pin this system, plants 

grCM~ in the Wahiawa arrl Honokaa soils might have had enhanced access 

to P over those growing in the Kapaa arrl lllalualei soils due to 

increased CX)ntact with the soils. 

A 5e(X)rrl possibility is that soil solution P CX)ncentrations were 

other than irrlicated by the cacl2-P extraction. Because solution P 

CX)ncentrations decrease as calcitnn CX)ncentrations increase (Olsen arrl 

Watanabe 1970; Soltanpour et al. 1974), the P CX)ncentration of a soil 

solution that is lower than 0.01 Min ca may be urrlerestirnated by the 
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cacl2-P extractant, because the soil solution P could be depressed by 

the ca in the extract.ant. Where soil solution ca is higher than 0.01 

M, the extract.ant could decrease the ooncentration of ca, an:l soil 

solution P would be overestimated. A 0.01 M cac1z extract might 

accurately reflect soil solution P ooncentrations if the soil solution 

ca concentration is also near 0.01 M (Olsen an:l Watanabe 1970). 

Because both the I.llalualei arrl the Kapaa soil used in this ~iment 

had high pis arrl oontained fragrcents of caro.s, soil solution P oon

centrations in these soils may have been overestimated in the cac1z-P 

extract, while plants grow~ in the Wahiawa an:l Honokaa soils may have 

been in oontact with soil solution P ooncentrations higher than were 

in:licated by the cac12-P extraction. 

With these discrepancies in min::l, the follow~ obseivations were 

made. I.eucaena roots in symbiosis with Glomus aggregatum extracted P 

fran solution at lower ooncentrations than did norunyoorrtrizal leucaena 

roots. '!his may have been a result of higher affinity for P by speci

fic P absorption sites on the fun;Jal mycelitnn as carpared to the 

leucaena root. By extract~ P fran the soil solution at lower oon

centrations, arrl by extract.in:} mre P fran soil at the sane initial P 

ooncentration, myoorrtrizal roots used the soil P supply mre inten

sively than did norunyoorrtrizal roots. 

Increases in soil P bufferi.n:} capacity increased the supply of P 

to plants. At comparable solution P concentrations, increases in P 

buffer capacity should lead to greater P uptake by plants that exploit 

soil P resources mre intensively, such as myoorrtrizal leucaena. 
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'!he relationship between soil P rufferirq capacity arrl P suwly 

to plants is carplex. P rufferirq capacity affects rx.,t only the rate 

at which solution P decreases as Pis absorbed fran soil solution by 

plants, but also the rate that P diffuses in soil arrl the slope of the 

concentration gradient that drives the diffusion process. 'Ihe square 

root of the P ruffer capacity {Olsen et al. 1962) at 0.02 ng P 1·1 

{caC12-extractable P) proved useful in fittirq P sorption measurements 

to plant growth response. However, a nore mechanistic equation, 

integratirq the different effects of soil P ruffer capacity to create 

an irxlex that would corresporrl to the effect of P ruffer capacity on 

soil P supply to plants, would be nore desirable. 

SUMMARY 

:Rlosphate uptake by plants is stromly influenced by soil solu

tion P concentration, structure arrl rtiysiology of roots, arrl soil 

microorganisms, nost notably mycorrhizal fungi. 

Inoculatirq soils with an ai:propriate species of mycorrhizal 

fungus can increase growth arrl P uptake of leucaena. If native mycor

:rhizal fungi are present, arrl if nutrients other than P limit plant 

growth, there may be no advantage to mycorrhizal inoc:ulation. 

'!he six-day equilibration prcx::edure for estimatirq soil P ruffer 

capacity (Fox an:i Karrprath 1970) urrlerestimated the quantity of P 

needed to attain selected solution P concentrations. 'Ihe square root 

of the slope of the P sorption curve (dQ/dI) at 0.02 ng P 1"1 proved 
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useful in esti.matirg the effect of P ruffer capacity of soils on plant 

p uptake. 

cacl2-extractable P can be a useful irrlex of soil solution P 

intensity. Usirg the logarithm of the ~tion of Pin cac1z 

extract greatly increased the cx:>rrelation between soil P neasurements 

arrl plant P uptake. 'Ihe predictive power of cacl2-extractable P across 

a rame of soils was inproved by c:xrrbinirg it with soil P ruffer 

capacity. Increasirg P ruffer capacity increased P suwly to plants at 

canparable cx:>ncentrations of P extracted in cac1z. 

'Ihe soil P extractant that cx:>rrelated best with plant P uptake 

across the rame of soils (Oxisols, an An::lisol, arrl a Vertisol) arrl 

plants (mycx:>rrhizal arrl nonmycx:>rrhizal leucaena) was Nl\F+HCl (Bray arrl 

Kurtz 1945) • Where stress on the P-supplyirg capacities of the soils 

was low (with nonmycx:>rrhizal leucaena), the direct rreasures of extrac

table P provided the best cx:>rrelations with plant P uptake. Where the 

P-supplyirg capacities of the soils were stressed (with mycx:>rrhizal 

leucaena), takirg the logarithm of the extractable P neasurements 

inproved cx:>rrelations with plant P uptake. 

I.eucaena leucocephala growi.rg symbiotically with Glomus aggrega

tum extracted P from soil solution at cx:>ncentrations too low for 

leucaena to do so alone. Mycx:>rrhizal leucaena also absorbed larger 

artOUnts of P than did nonmycx:>rrhizal leucaena at a given P cx:>ncentra

tion. 'Ihe ability of the syrnbionts to absorb P at very low cx:>ncentra

tions (arourrl 0.003 rrg P/1) probably reflects a higher affinity for P 

of the P abso:rption sites of the fun;Jus as carpared to those of the 

plant. Because soil P ruffer capacity increases as soil solution P 
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concentration decreases, relatively large quantities of P becane 

available to organisms that can absorb P fran soil solution at low 

concentrations. 

Mycon:nizal leucaena increased total P uptake nore in response to 

increasin;J P buffer capacity than did nonmycon:ru.zal leucaena. 
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Table 13. - Treatment effects on pi.nnule P, experiment 1. Results of 
analyses of variarre of ln(% P per pinnule) for each sanpl.inJ day. 

Prooabilities of type I error. 

rays After Plant;irn 
Effect _jQ_ _li_ -1L -21- _li_ _ll_ _]2_ __R_ _fi_ _i2_ _.2£_ -2Q_ --22- _fil_ _§.§_ 

CXH5TANl' 0.00 o.oo 0.00 o.oo 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 0.00 o.oo o.oo 0.00 
R1 0.05 0.51 0.08 0.44 0.02 0.01 0.38 0.05 0.11 0.34 0.07 0.47 0.33 0.03 0.27 
I 0.29 0.00 0.50 0.00 o.oo 0.00 0.00 o.oo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.79 0.35 0.14 0.56 0.00 0.07 0.04 0.06 0.10 0.00 0.00 o.oo 0.00 0.00 0.00 
p 0.97 0.02 0.00 o.oo 0.00 0.00 0.00 0.04 0.00 0.01 0.01 o.oo 0.00 o.oo 0.00 
s 0.86 0.13 0.03 0.02 0.00 0.05 0.31 0.06 0.02 0.06 0.12 0.01 0.36 0.17 0.01 

I*F 0.01 0.40 0.02 0.29 0.01 0.83 0.23 0.01 0.00 o.oo 0.00 0.00 0.00 0.00 0.00 
I*P 0.81 0.74 0.24 0.57 0.20 0.00 0.00 o.oo 0.00 0.05 0.43 0.10 0.13 0.53 0.02 

\0 I*S 0.12 0.43 0.53 0.99 0.98 0.08 0.01 0.00 0.01 0.36 0.02 0.00 0.07 0.00 0.00 
(X) F*P 0.55 0.04 0.09 0.01 0.07 0.34 0.03 0.00 0.72 0.32 0.39 0.03 0.26 0.04 0.06 

S*F 0.36 0.01 0.77 0.21 o.oo 0.79 0.16 0.96 0.91 0.51 0.07 0.25 0.93 0.68 0.88 
P*S 0.11 0.89 0.50 0.80 0.51 0.05 0.31 0.35 0.43 0.61 0.54 0.07 0.72 0.19 0.91 

I*F*P 0.74 0.11 0.28 0.09 0.30 0.92 0.26 0.18 0.32 0.51 0.04 0.00 0.00 0.00 0.11 
I*F*S 0.07 0.71 0.02 0.09 0.00 0.76 0.00 0.03 0.28 0.65 0.01 0.00 0.21 0.00 0.05 
I*P*S 0.95 0.52 0.32 0.46 0.17 0.04 0.99 0.94 0.13 0.18 0.36 0.03 0.93 0.54 0.50 
F*P*S 0.55 0.64 0.15 0.47 0.08 0.86 0.61 0.44 0.05 0.30 0.08 0.04 1.00 0.17 0.01 

I*F*P*S 0.52 0.46 0.57 0.49 0.72 0.23 0.03 0.21 0.08 0.77 0.36 0.02 0.38 0.27 0.34 

R2 0.41 0.52 0.64 0.64 0.89 0.91 0.90 0.85 0.86 0.71 0.69 0.88 0.78 0.89 0.82 

a Effects are denoted as follows: R = Replication, I= Inoculation with VM1., F = 
F\mrigation, P = ltlc>sp1ate fertilization levels, S = Soils. Interaction ternis have 
asterisks, e.g. I*F = Irocul.ation by F\mrigation. 



Table 14. - Treatment effects on pinrule weight, exper.iJie1t 1. Results of 
analyses of var~ of 1n(pinrule weight) for ead1 sanplin;J day. 

Prd:>abilities of type I error. 

PiYS After Planti,m 
Effect _lQ_ __li_ ---1L -2.L -2.i_ ....ll.... _12.._ -32.... _ft_ _i2._ ~ --22_ --22- __fil__ _§§_ 

a::N.5TANI' 0.12 0.06 0.00 0.00 0.00 0.00 0.00 o.oo 0.00 o.oo o.oo 0.00 0.00 0.00 o.oo 
R'1 0.14 o.46 0.02 0.11 0.06 o. 73 0.61 0.82 o.·44 o.56 o.58 o.38 o.88 0.18 o.49 
I 0.10 o.oo 0.00 0.21 0.89 0.77 0.07 0.01 o.oo 0.00 0.00 o.oo 0.00 o.oo 0.00 
F 0.58 0.03 0.13 0.53 0.57 0.73 0.21 0.01 0.27 0.44 0.21 0.00 0.00 0.00 0.00 
p 0.82 0.01 0.02 0.26 0.59 o.oo 0.00 0.01 0.35 0.43 0.01 0.20 0.20 0.01 0.03 
s 0.54 0.49 0.89 0.35 0.06 0.73 0.51 0.79 0.64 0.15 0.66 0.39 0.04 0.02 0.32 

I*F 0.08 0.51 0.03 0.56 0.01 0.22 0.49 0.12 0.09 0.79 0.01 0.00 o.oo 0.00 0.00 
I*P 0.65 0.69 0.76 0.57 0.62 0.99 0.66 0.76 0.78 0.55 0.17 o.oo 0.00 o.oo o.oo 

ID I*S 0.54 0.61 0.85 0.60 0.40 0.71 0.13 0.91 0.14 0.04 0.58 0.07 0.04 0.01 0.25 
\0 F*P 0.29 0.11 0.18 0.03 0.05 0.03 0.05 0.04 0.44 0.66 0.18 0.01 0.02 o.oo 0.02 

F*S 0.88 0.08 0.98 0.76 0.45 0.04 0.53 0.43 0.78 0.71 0.04 0.00 0.51 0.05 0.23 
P*S 0.35 0.63 0.48 0.66 0.25 0.17 0.58 0.31 0.12 0.19 0.06 0.42 0.65 0.10 0.34 

I*F*P 0.23 0.10 0.60 0.84 0.50 0.69 0.77 0.99 0.87 0.96 0.19 o.oo 0.11 o.oo 0.01 
I*F*S 0.02 0.23 0.05 0.57 0.23 0.15 0.03 0.05 0.14 0.57 0.00 0.81 0.82 0.06 0.84 
I*P*S 0.28 0.20 0.14 0.87 0.78 0.75 0.86 0.97 0.91 0.28 o.oo 0.14 0.68 0.96 0.96 
F*P*S 0.83 0.20 0.02 0.84 0.26 0.16 0.87 1.00 0.78 0.62 0.15 0.03 0.02 0.00 0.04 

I*F*P*S 0.73 0.34 0.53 0.66 0.82 0.37 0.11 0.28 0.43 0.66 0.20 0.33 0.02 0.02 0.17 

R2 0.39 0.58 0.58 0.32 0.45 0.47 0.48 0.50 0.48 0.51 0.73 0.82 0.71 0.83 0.78 

a Effects are denoted as foll(Jl.<l,'S: R = Replication, I= Irxx::ulation with VKM., F = 
F\nnigatian, P = fhos{ilate fertilization levels, S = Soils. Interaction tenns have 
asterisks, e.g. I*F = Inoculation by F\Jmi.gation. 
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Figure 26. Inoculation of soils with Glarus aggregatum: effects oo 
(A) pinrru.l.e P percentages, arrl (B) pinrru.l.e ,;.,aeights, over time. 
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Figure 27. Differerces in soil P availability: effects on (A) pinnule 
P percentages, arrl (B) pinnule weights, ove:r time. Pl, P2, P3 sha., 
i.rx:reasi.rq soil P levels. 
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Figure 28. Combined fumigation an:i inoculation of soils: effects on 
(A) pinnule P percentages, an:i (B) pinnule weights, over time. +F an:i 
-F depict fumigated an:i nonfumigated treatments; +I an:l -I depict 
in:x::ul.ated an:l OCJninocul.ated treatments. 
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