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SUMMARY

Transformations of phosphorus (P within the
sail—-plant-animal system are complex and are affected by a
combination of phw¥sical, chemical and biclogical reactions. To
date, a large proportion of the research into reactions
invalving coil P has focussed on the inorganic components of
the P cycle, despite the knowledge that biocliogical reactions in
the s0il can have overriding influences an the transformation
of P from one form to another. There is a need to study the
influence of the microbial biomass on P cycling in scils, and
thie has been aided by the development of new methods to
measure P held in soil microorganisms. In Australia this need
ie particularly important, as P is the major nutrient applied
to agricultural soils. The objectives of the research reported
in this thesis were therefore
{13 to develop a suitable procedure for measurement of P held
in the microbial biomass in soils under arable rotations,

{2) to assess the importance of the microbial biomass in the
assimilation of fertiliser P,

(3) to determine the role of the microbial biomases in the
turnover and decomposition of cereal root and pasture plant
residues and,

(4) to assess the importance of pasture recidues in the F
nutrition of the ensuing cereal crop.

The literature pertaining to the role of microcorganisms in P
cvcling in goil is reviewed. Factors affecting microbial

activity in =oil are considered in relaticon toc the uptake of F
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by microorganisms, and the turnover of P from plant roots and
recidues ie discussed. Methods of studying P cycling are
reviewed in relation to the techniques required to study F
transformatione in field sails.

éan improved method for measuring microbial P in field soils
was developed. A range of gas, liquid and vapour biocides was
tested, in combination with seven extractants, for their

ability to release P from <oil microorganiems in situ. The

biocides tested were chloroform (CHCl132, ethanal (C=Hz0H),
propan—1-ol (CgH>0H), hexan—-1-ol (C4H,s0H), F-propiclactone
(CzH.05), formaldehyde (CHz0), glutaraidehrde (CsHal=z2,
ethylene oxide (CzH,0) and methyl bromide (CHgBr). The
extractante tested were 0.5M NaHCOg{(pHE8.5), 0.1M NaHCOa<{pH8.3,
0.05M NaOH, 0.01M CaClz, 0.05M HzS0., 0.03M NH4F + 0.1M HCl1 and
an anion exchange resin in the bicarbonate form. An incubation
technique using 2P encured only microbial F was measured.
Chloroform and hexanol were the most efficient biocides: the
latter was preferred because of its lese hazardous nature. The
best extractant was 0.5M NaHCOg; (pH 8.5). Mixed populations of
s0il microorganims were used for calibration purposes, and kg
factore obtained were 0.33, 0.40 and 0.537 for the three soils
studied. Since microflora differ from scoil to =oil, as does
the proporticon of P released as inorganic P, calibration is
necescary for each scoil. Incubation is not recommended as a
pretreatment for samples used to measure microbial P: soils
should be treated with hexanal or extracted immediately after
campling to avoid quantitative or qualitative changes in the

hiomasse. Errors ascsociated with the inclusion of plant root
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material in the sample can be minimised by remaoving the bulk of
the roots before fumigating the scil.

The competition between soil microorganisms and plants for
fertiliser P is likely to be greatest in the rhizosphere, where
root dencities are high and substrates for microbial growth are
available. This poses problems for the measurement of
microbial P in soil adjacent to plant roots. Accordingly, a
new technique was adopted to separate the roots from soil with
& porous membrane. This technique also allowed an assessment
of the laoass from the root of P in diffusible exudates. Wheat
plants labelled with 2P were grown in thin lavers of soil
amended with ®2P-labelled fertiliser. Over a 22-day growth
period, net movement of 2®P out of healthy growing roots varied
from 0.9 -~ 4.9 of the total =3P translocated to the root.

Over the same period, the plants took up 12.0¥% and the
microbial biomass 14.1¥% of the fertiliser ®2P, (0n drying and
rewetting of the soil after the plants were harvested, a large
proportion of rcocot P moved into sail fractions while 22p
appeared to accumutate in the biomass and stable forms of P.

The contribution of pasture residues and fertilicer to the P
nutrition of wheat was studied in laboratory and field

experiments. Wheat plants (Triticum aestivum cv. Warigal) were

grown in a Solonised brown soil (Calcixercllic xerochrept)
which had been previocusly cropped with medic (Medicaqo
truncatula cv. Paraggio)Y. In a laboratory experiment,
®3pP-labelled medic residues and ®2P-l1abelled monocalcium
phosphate were added to the soil in factorial combination.

Amounts of 2P, 22P, and ®3F in the wheat plants and in the
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soil microbial biomass were determined. Addition of residues
depressed dry weight of wheat, ®'FP, and *2F uptake, while

simul taneously increasing amounts of ®'P and 32P incorporated
into the microbial biomass. Addition of fertiliser had no
effect on the proportion of plant P taken up from the residues,
but significantly increased the proportion of micrabial P
derived from this source. 2!P held in the microbial biomass
wae significantly increased by addition of both residue and
fertiliser P, with the former having the larqer effect. 0Of the
total P applied to the soil, medic residues contributed
approximately one quarter of that supplied by the fertilicer.
Uf the total P in the wheat plant, medic residues supplied
approximately one fifth of that supplied by the fertiliser.

In a field experiment, ®3P-labelled medic residues and
®2P-labelled fertilicser were added to open ended pots driven
into the coil. Residues were mixed throughout the scil while
fertiliser was banded with the seed just below the surface.
Dynamice of P uptake by the wheat plants and the microbial
biomass in the scil were measured over a 935 day period. 33P
from the residues was rapidly incorporated into the microbial
biomass with more than 23¥ of the applied radiocisotope being
found in the microbial pool after only 7 davs. Little of the
32F from the fertiliser was taken up by the microorganisms
presumably because of its location in a band, but the wheat
plante were able toc assimilate a significant proportion of the
fertiliser 32P. The microbial biomass immobilised a smaller
praportiaon of the P released from the residues under field

compared with laboratory conditions, and the residues proved to
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be a Tess effective source of P for the plants in the field.
Thie fact, coupled with the observation that a large proportion
(50X of the residue P was quickly converted to organic forms
suggests that the turnover of the microbial population was
faster in the field than in the laboratory studies. The
implications of the results in terms of fertiliser management

and soil P cycling are discussed.
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CHAPTER 1

INTRGDUCTIGN

Phosphorus (P} is unique among elements involved in living
organisme in that it acts as an agent of energy transfer
through the generation of adenosine triphosphate (ATPY and
adenccsine diphosphate (ADP) from inorganic orthophasphate (P,
(Hutchinson, 1970). As pointed out by White (1781 the glaobal
F cycle is precsently open (Figure 1). lorld recerves of
fertiliser P must be regarded as finite until technology
enables us to complete the circle, and economically recover P
fraom natural wateres and sediments. Howewer, available evidence

uggests that world reserves of phosphate rocl are large
(Finck, 1¥82). griculturalists should not be complacent
however, as the costs of producing P fertilicer from phosphate
rock are escalating, as is concern over environmental pollution
such as eutrophication of surface waters. In Australia,
palaeocenvironmental factors have produced many scils low in
phasphorus, compared with those in USA or Eurcope (Wild, 19582.
fs a result, it is the amount of P, more than the amount of any
ather nutrient, which governs the fertility status of
Australian soils (Morrish and Rosser, 1983). aAccordingly, the
main artificial fertiliser used in Australia ie superphosphate,
&l though high analy¥sis P fertilicer is gaining acceptance as an
alternative socurce of F. In 1981-82 the total area fertiliced
was 26.7 million hectares (had. The most recent data available
suggest that the upward trend in total amounts of
superphosphate used in Australia is continuing with 2.87

million tonnes being used in 1981-82 (Australian Year Boolk,
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1984). As Australia has few large deposits of phosphate rock
from which superphosphate fertiliser can be manufactured,
£109.5 million was spent on imports of rock phaoshate in
19281-82. At the farm tevel, the cost of superphosphate
fertiliser has almost trebled since 1975, so that farmers are
loocking more seriously at the investment they must make in
terms of nutrient inputs to the soil. Any small percentage
decrease in the use of superphosphate will hawve large economic
impacts at both the farm level, and nationally in terms of
trade balance. To decrease use of superphasphate will require
changes in farm practice and the development of improved
methods of crop and scil husbandry. To meet this objective,
agricultural scientists require a much better understanding of
the soil P cycle than they have at present, so that each
agro-ecosy¥stem can be managed effectivelyr.

The principal agro—ecosystem in much of scuthern Australia
ig based on cereal-livestock farming. Thie involves rotational
cropping of legume based pastures, such as subterranean clover

(Trifolium subterranean? or medics (Medicaqo spp?), with cereal

crops such as wheat (Triticum aestivum? or barley (Hordeum

vulgare). Much of the P added to the soil in this system of
crapping is applied during the cereal phase of the rotation.
However, topdressing of the annual legume pastures with
superphosphate has been frequently recommended and responses
are well documented (Donald, 192403 McLachlan, 1948; Cameron and
McGowan, 1969; Rudd,1?72). The residual effect of
superphosphate applied in the pasture phase of the rotation on

the subsequent wheat yield has been recognised (Ayreec et al,



1977; Osborne et al, 1977), although the mechanism of the
residual effect is still not clear. There is little
information on the residual effect of P contained in cereal
roots (remaining in the soil after harvest) on the P nutrition
of the subsequent cereal cropes.

In laboratory studies, the reactions of inorganic P are
often considered with little regard for reactions of organic
matter which can affect availability of recsidual P (e.qg.
Barraw, 1973,1?74; Olsen et al, 1983). In a review of the
residual effect of P application to soils, Barrow (17800
considers mainly those reactions involving inorganic
phosphorus, although he does point out that crcling of F
through organic materials is particularly important under

fustralian conditions. WVirgin scils are P-deficient, have low

levels of biclogical activity and low amounts of arganic

matter. Inputs of nutrients will therefore have a large effect
on the biclogical activity in such soils. To understand the
system fully, we must consider the whole P cycle where both
crganic and inorganic reactions are cccurring simul tanecusly.
Compared to the procesces of precipitation-solubilicsation and
adsorption—desorption, the rates and pathways of P through soil
organic matter are poorly understood, and involve complex
interrelationcships between detrital processing, mineralisation
of organically bound P (P,) and P uptake mechaniesms (Tate,
1985a). Despite the knowledge that activity of microorganicesms
has a large influence on the above reactions, studies of the
rale of the bicta in scil fertility have been hampered by a

lack of suitable experimental techniques. Recent advances in



techniques to measure P held in the biomass have created new
opportunities to elucidate the relationship between inorganic
and organic P forms in soil. This has implications not only
for agricultural sywstems, but also in ecosystems undisturbed by
man, where cycling of nutrients through the biomass is critical
for survival of the system.

The objectives of this study therefore were
(1) to develop a suitable procedure for measurement of P held
in the microbial biomass in soils under arable rotations,
(2) to assess the importance of the microbial biomass in the
assimilation of fertiliser P using the above technique,
(3) to determine the role of the microbial biomass in the
turnover and decomposition of cereal root and pasture plant
residue, and
(4} to ascertain the importance of pasture residues in the P

nutrition of the ensuing cereal crop.



CHAPTER 2

LITERATURE REVIEW

2.1 The sgil P crcle

Transformations of P within the soil-plant—-animal system are
complex (Figure 2) and are effected by a combination of
phy¥sical, chemical and biclogical reactions. As depicted in
Figure 1, the P cycle in soil can be either open, where P is
added in fertiliser and removed by cropping, or virtually
closed a< in natural ecosystems where only small inputs of P
are provided by rainfall and weathering, and F is recycled
within the svetem by microbial brealkdown of dead plant
material. In all terrestrial ecosystems, by far the largest
propartion of P in the system is held in the scil. For
example, the amounts of P (kg ha=! to 30 cm depth? in the
various camponents of a grassland ecosystem were soil 2913,
rocote and rhizomees 10.7, green plant material 2.1, standing
dead plant material 2.1, and soil fauna and micrcocorganisms 19.8
(Halm et &1, 1972). The amounts of P in litter, herbivores and
carnivores, and in water soluble forms in the scil were all
less than 1 kg ha=?!. Whilte amounts of P held in each of the
pools may vary from one ecosrstem to another, there is
invariably insufficient water saluble P in most soils to
support plant growth over a whole growing season. P removed
from the soil soluticn by plants must be replenished from less
soluble sources in the soil. P exists in a variety of both
crganic and inorganic forms in soil. The forms and reacticons
of inorganic P (Py2 in soil have received considerable research

effort and are well documented - for reviews see Larsen (19472,
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Barrow (1978, Parfitt (1978, White (1980 and Sample et al
(1980). Considerable research has also been directed toward
organic P (Pg? in soil - for reviews see Anderson (19732,
Hayman <1973, Halstead and McKercher (1%73), Dalal (1977),
Anderson (1980) and Tate (1935a,1985b). Agricul turalists
however, are more interested in the interactions between F, and
Po in the soil-plant system. Management of nutrients in any
agricul tural system has the prime objective of ensuring
sufficient amounts of inorganic nutrient <(normally in the soil>
are converted into organic formes {in plante or animals? capable
of being harvested. There are a number of points in the soil F
cycle where the fundamental transformation of P between organic
and inaorganic forms occurs, and all are associated with either
growth or death of living organiems. Thus any study of F
cvcling in soil which has the ultimate aim of improving
fertilicer efficiency, must take account of the biclogically
mediated reactians.

The living component of the soil-plant system can be divided
broadly into autotrophs and heterotrophs. ﬁutotrgphs include
all agricul tural crope as well as some free living arganisme in
the soil - chemoautotrophs such as nitrifying and denitrifyring
bacteria, and photoautotrophe such as algae. Heterotrophs
include all the underground flora and fauna involved in the
decomposition of dead plant ticscsue as well as pathogenic
aorganisms feeding on living plant and animal life. In
agricul tural research of soil procecsses, where the emphasis is
on cropping, & slightly different classification of organisms

has generally been used to facilitate recearch of P crycling



through the system - higher autotrophs (green crops), and 1ower

autotrophs pluse all heterotrophe (scil biomass).

2.2 The role of plants in P crcling
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the growth periocd of a plant its roots act as a sink,
collecting P to be utilised in the synthesis of arganic plant
constituents. After the termination of growth and the start of

decay, the flow is reverced and nutrients are released inta the

sail from the breakdown of plant debris.

2.2.1 Uptake aof P by plants

Uptake of P by plants is the part of the P cycle which has
received most attention by agricultural scientists. It is
bevond the scope of thics review to detail all the factors
invalved in P uptake by plantse. The movement of P both to and
into the plant root have been extensively studied and several
texts and reviews aof the subject are available e.g. O0Olsen and
Kemper (1968), Bieleski (1973), Bowling (197&8), Nye and Tinker
(19772, Loughman (1978), Ozanne (1980) and Mengel and Kirkby
(1982). 0One feature which should be noted here is that
evidence to date suggest that, with a few exceptions (McKercher
and Tollefson, 1978; Islam et al, 1979), plants absarb P from

the soil solution only as an inorganic ian.

2.2.2 Loss of P by actively qgrowing plants

The main pathway for loss of P by actively grawing plants is

through the roots, excepting leaf fall or defoliation by
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grazing. Loss of P by plant roots was first recognised by
Akhromeiko and Shestakova (1958), who used foliar applications
of ®2P to demonstrate the loss of P by ocak and ash seedlings.
Subszequent studies also used ®2F (Emmert, 1939; Dove, 196%;
Rovira and Bowen, 1970} and confirmed that a range of plants
were capable of losing ®2P to the surrounding medium which in
most studies was a nutrient solution. More recently, Ritz and
Newman (1984 demonstrated the transfer of ®2P from one plant
to another in soil. Transfer can occur between both
mycorrhizal and nan-mycarrhizal plants (Heap and Newman, 1980).
Ectimates of the quantitative loss of P by roots through
exudaticon given by Harrison (1978) for forest ecosystems
suggest that the loss may be substantial — up to 2 kg P ha—*
rvear—*, To date, no data are available for arable ecosystems.
Other poscsible losses of F from actively growing plants may
be caused by attack of roots by pathogenic organisms, or
through natural senescence of parts of the root system during
plant growth. While many studies have recognicsed these
praocesses exist, there are few quantitative data on the losses

of P involved.

2.2.3 Loss of P by plants follawing death

Loss of P by plants following death is considered to be the
major pathway by which P in plants returns to the scil, and is
intimately associated with the action of microorganisms. Death
and the onset of decomposition in plants may be initiated by a
number of factars including natural senescence, water or

temperature stress, grazing, and disturbance by man (e.g.
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addition of herbicide or cultivation)>. The release of
inorganic P from plant materials following death is often
termed "mineralisation", and a number of studies have examined
the processes involved. Over forty years ago, both Lockett
(1938) and Chang (193%9) demcnstrated that decomposition of
plant residues involved both the breakdown of P, in the
residues and the synthesis of P, by microorganisms. Lockett
(1938) alsc observed that P could be released into the soil as
orthophosphate on prolonged decomposition of organic materials,
and he presumed this was due to death of the microbixl
populations which had developed. These results led to & number
of studies which aimed to determine the factors affecting the
release of P from decomposing plant residues. Kaila (194%)
suggested that net releace of P would occcur if the P cantent of
the decomposing organic matter was greater than 0.3%. Using
®2F-labelled plant materials, Fuller et al (1?534) found that
cnce the total P content of the materials exceeded 0.2%, net
release of P could be expected. Birch (1941) postulated that
the decomposition of plant P, was lese important than the
utiltisation of plant P, by decomposer populations, and that
release aof P, from the material wasz due to a rapid decrease in
decomposer populations. This postulate is in agreement with the
observations of Lockett (1938). Birch also noted that a large
proportion of plant P was inorganic, and later work confirme
his observation (Table 1>. Martin and Cunningham ¢(1972) found
that Py could be releazed from dead plant roots before an
extensive population of microorganisms had developed in

response to the fresh organic matter, and they suggested that



this was due to autolytic activity of pltant enzymes.

Air drrying of roots was found to increase considerably the
water extractability of root P. A number of studies have
attempted to relate the release of P from decompeosing plant
materials to the C:P ratio of the materials being decomposed,
analagous to assessing the critical C:N ratioc for N
mineralisation. The results are conflicting, and critical
values reported vary from 35 to over 300 (Table 2). As paointed
out by White (1981 however, the change from net immobilisation
to net mineralisation depends on the C:P ratio aof the material
actually being used by the organisms {(not the total C:total P
ratio of the material), as well as on the growth yield (CF =
the efficiency with which microbes convert substrate C into
cell C) and the C:P ratio of the microbial cells formed
(ChiPm). White indirectly estimated a critical C:P ratio of 50
- 70 from measured values of C respired (C.» and net P
mineralised (P.) according to the equation

C:P substrate = (1- CF)P.:C. + CF ~ C,.:P
and the following walues from the literature

CF = 0.5 (Jenkinson, 197&)

CmiPm = S50 {(Alexander, 1977)

Cr:P. = 0.00% - 0.02 (Thompson et al, 1954; Dalal, 197%).
However, reported CF values range from 0.1 (Alexander, 1977) to
0.6 (Paul and van \een, 1978}, and Cnh:P, values range from 10.6é
(Brookes et al, 1984) to 100 (Cole et al, 1977). As

microorganisme will often store P in excese of their immediate

requirements as polyphosphates (Barsdate et al, 1974;



Table 1. Incorganic P as a proportion of total P in plant
residues.
Material Reterence “
Tropical grasses, young
to mature Birch (1%61) 47-87
Grasses Floate (19270a) S2-44
Grasses and subterranean
clover Bromfield and Jones (1972 &0-85
Beans White and Ayoub (19837 7o9-82
Table 2. Critical C:P ratios reported in the literature.
Fatic Reference
a5 Barrow (1%&0)
»77 Dalal (1779
145-344 Floate (19270a)
133 Kaila (194%)
>183 Singh and Jones (19742
200 Black and Goring (1923532
200 Alexander (1977)
200 Hannapel et al (17645
123-251 White and Ayoub (12832
200-200 Stevenson (19823
298 Chauhan et al (1279
150-300 Blair and Boland (19782
112-501 Enwezor (197&)

Fepper et al, 177482,

variable C:P, ratios are to be expected.

The release of P from decomposing plant materials may be

closely related to the dvnamics of the decomposer populations.

For example,

Johannes (196535,

1948 found that bacteria

in

aquatic ecosrstems released little P, but that substantial

quantities of P could be released due to the activity of

bacterial grazers.

from decomposing plant material

crcling of C {(Barsdate

1, 1974).

The usefulness of

There is evidence that the cycling of P

is not directly linked to the



caonsidering strict stoichiometric relationships between C and P
ie therefore questiocnable (McGill and Christie, 1983).

A criticiem of many laboratory studies in which
mineralisation has been examined has been the absence of
arowing plants from the system. Plante compete with
microorganiems for available P and act as a sink for P,. Hence
equilibria between sclution and solid phase P in the soil are
atfected. The net mineralisation of P from decomposing plant
residues is stimulated by the presence of plants (Blair and
Boland, 1778). =2P has often been used in studies of P uptake
b oisr s from decomposing residues, to identify the proportion
of P in the residues which enters the plant. For example,
Fuller and Ragers (1732) and Fuller et al (195&8) found that the
plant availabkility of P in the ®2P-labelled plant materials was
related to the maturity of the material. P in young materials
was more available than P in mature materials. Till and Blair
(1978) found a positive relationship between soil temperature
and the amounts of 2P and ®%5 taken up by carpet grass

(Axonopus affinisy from claver (Trifolium subterranean?

residues {Table 3>. Blair and Boland (1%?78) found that changes
in soil water regime had no significant effect on uptake of 3=P
by ocats from labelled clover residues. Both Blair and Boland
(1978) and Dalal <1979 found a high proportion of P in the
residues was taken up by plants. Dalal (197%) repaorted that up
to 424 of total residue F wacs recovered in plants after aonly 1C
weeks growth. High recovery of P from residues might be
expected where the anly scource of applied P is the plant

residues, and is likely to occur therefore in natural or



Table 3. Recovery of 22P from labelled claver litter (from
Till and Blair, 1278).

Dars of Temperature Percentage of added ®2P recovered
arowth e I e e e L e L e bt LB e
Soil Po Soil P, Plantse Mineralised
14 15-10 3.0 4.8 3.3 2.1
28,22 5.9 4.1 4.3 10.4
35 15710 15.5 14.3 13.8 30.1
2822 10.7 21 .1 14.2 356.3
S& 15710 23.4& 12.1 22.2 41.3
2822 14.9 21.4 28.3 42 .9

agricul tural systems where there are no inputs of fertiliser P
to the scil. In fertilised agricultural coils however, the
plant can draw on P from currently applied and residual
fertilicer P sourcee, in addition to P in native =soil reserves
and decomposing residues of the previous crop.

To summarise, it would appear that while plants can lase P
during active growth the main lozs of P occurse following death
and decomposition of the plant material. The release of P froq
dead plant material is closely linked to the growth and death |
of organisms feeding on the material. Autolytic activity of '
plant enzymes following death allows the release of P in an
inorganic form. The importance of organisms appears to be
linked more to their ascsimilation of P, released from plant
material rather than the hydrolysis and assimilation of plant
Po. The usefulness of using plant C:P ratios to predict net

mineralisation or net immobilisation is questicnable. There is

a need to include growing plants andsor fertiliser in the
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system under study due to the large effects these can have on

microbial activity and P equilibria.

2.3 The role of the microbial biomases in P cycling

The microbial biomass, defined as the living part of the
soil organic matter excluding plant roots and soil animals
larger tﬁan 2 ® 107*® m® (Jenkinson and Ladd, 1981), has far
many »ears been recognicsed as plaving a major role in many
processes involving P transformations. These can be listed acs
follows;
1Y redox reactiaone,

2) solubilisation of P,,
3) alteration of rcocot morphology and/or function,
4) immobiltisation of P,, and

3 mineralisation of P..

2.3.1 Redox reactians

There is some evidence that microorganisms can directly
change the oxidation state of P (Adams and Cenrad, 1953),
although these reactions are of limited importance in scils
(Hayman, 1975>. O0Of greater cignificance is the indirect effect
of microorganisms in decreasing the redox potential of
waterlogged soils, thus affecting the solubility of iron and
aluminium phosphates. Only under extremely reducing conditions
can insoluble basic calcium phosphates like hydroxyapatite be
solubilised in soile through changes in redox potential
(Lindsay, 1?79)>. The importance of these reactione is limited

in Australian socils. Of more significance are the changes in
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pH which accompany changes in redox potential (Ponnamperuma,

19725,

2.3.2 Solubilisation of P,

As long ago as 1908 the potential of certain bacteria to
solubilice water-incsoluble P compounds was recognised (Sackett
et al, 1908). Since then there have been numerous studies in
which the ability of a wide range of organisms to solubilice P
has been demonstrated. Much of the work in this field was
stimulated by the experiments of Gerretsen (1948), who found
that the uptake of P by plants from sand supplied with calcium
phasphate increased in the presence of microorganisms. The
various mechanisms postulated to explain this phenomencn have
been reviewed by Nye and Tinker (1977). O(Organic acides produced
by organisms (Rose,. 1957; Louw and Webley, 1959) are able to
dissclve P by changing pH (Moghimi et al, 1978), and possibly
by chelating calcium ions (Swaby and Sperber, 1958). Hayman
(1973) suggested that COz and humic substances produced during
thé Ereakdawn aof organic materials may also cause
solubilisation of P compounds through alteration of pH and
complexation, and there is some evidence toc support this
h¥pothesis (Mishustin, 1972). However, Tinker (1984) points out
that it is improbable that such effects could be appreciable in
soil which is buffered, in which the supply of cations ta be
chelated is very large, and in which phosphate-competing ions
are rapidly sorbed. Nye and Tinker (1977) alsc point out that
the quantities of compounds which microorganisms must generate

to produce any significant effects on F compounds make it



unlikely that this process is of any significance.
Solubilisation by materiale derived from plant roots directly
is considered much more likely (Hayman, 1%275; Tinker, 1984).
In the rhizosphere the amounts of root exudates and micrabial
metabolites combined appear to be cufficient ta effect
solubilisation of calcium phosphates (Moghimi et al, 1978;
Hedley et al, 1982b).

2.3.3 Alteration of root morpholoqy andZor _function

The role of microorganisms in altering root morphology
and/or function is outside the scope of this review. The
alteratian of root growth through hormonal activity has been
reviewed by Mosse (1973). There is evidence that
microorganiemse can alter the rate of P uptake by roote cver
such short periods that no morphological or developmental
effects within the plant are likely (Barber and Rovira, 19737,
and hormonal mechanisms may be involwved (Tinker, 1%80). Of
greater importance is the effect of mycorrhizas on nutrient
uptake. It is now widely known that plants infected with
myvcorrhizas are able to grow and absorb P from P-deficient
soils more effectively than non—-mycorrhizal plants (Mosse,
1972; Tinker, 1978). Varicues mechanisms have been proposed to
account for the mycorrhizal responcse, and these were summarised
neatly by Bolan et al (1984) as= follows.

1) Roots infected with mycorrhizal hyphae can explaore a greater
valume of scil than non-mycorrhizal roots (Rhades and

Gerdemann, 1¢75).

2) mycorrhizal and non-mycorrhizal plants differ in their
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absorption of P from saolution. Mycorrhizal plants have faster

t al, 1979; Howeler et

uptake rates (Bowen et al, 1975; Cress
1, 1982), and have a lower threshold cancentration at which

net absorption of P from solution commences (Mosse et al, 1973;
Howeler gt a1, 1¥82).

3) Mycorrhizas may produce exudates which increase the amount
of P available to plants as discussed above (Tinker, 1975).

4) Mycorrhizal roots have a different cation-anion balance to
that of non-mycorrhizal roots and hence may influence
rhizosphere pH (Bulwalda et al, 19832,

S) It has alsoc been suggested that mycorrhizas may mineralise

Po (Bolan et al, 1984), although there is no evidence to

csupport thie hypothesis.

2.3.4 Mineralisation and immobilisation of F

These processes are the major bicleogical reactiqns
controlling the availability of P in soils, mineralisation
causing increases and immobilisation decreases in P availabilty
to plants. It is difficult to consider these processes
individually as baoth cccur simultanecusly. Indeed, the terms
mineralisation and immobilicatieon as generally used in the
literature usually refer to net mineralicsation and net
immobilisation. A biological activity proceeds in all but
steriliced scils, immobilisation — mineralisation reactions are
continuous. Howewer, various perturbations which affect
biological activity can significantly affect the rate at, and
balance between, these opposing reactions. These include

changes in available energy(C? or nutrients, traphic
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interactions, temperature, available water, oxygen, and soil

reaction <(Dalal, 1977).

Enerqy
Biological reactions rarely reach an equilibrium state in

most soils due to the inputs of emnergr (C)> by both growing
rocots (Martin, 1977; Martin and Puckridge, 1982) and dead plant
material. [t has been known for many years that oraganic
campounde are exuded by heal thy undamaged roots (for reviews
see Rovira (1742) and Foster (1985)). Recently, techniques
using *“4C-labelling have shown that a conesiderable portion of
the C fixed by plants and translocated to the roots can be
“lost" to the soil. Approximately one third of this C lost to
the =soil can be attributed to root respiration, with the
remainder presumably arising from microbial degradation of root
tissue or exudates (Martin, 1?77; Sauverbeck and Johnen, 1977).
Thus the population of microorganisms present on, and
immediately adjacent to, the rcot surface is much higher than
in the surrounding scil. The difference in microbial rnumbers is
cammanly expressed by the R:5 ratio, R and 5§ being the numbers
of microorganismes per gram of scil taken from the rhizosphere
and the bulk soil respectively (Katznelson, 1¥48; Nyre and
Tinker, 1777). Both direct counts and plate counts have
confirmed increased R:S ratios with increasing proximity to the
rocot surface. By direct counting, Foster and Rovira (1%74)
ectimated microbial numbers were 120%10%¥ cm~™ within { Pm of the
raoct surface, and 40%¥10%® cm™= at 10 Km. Papavizas and Davey

(19481) showed from results of plate counte that the



Table 4. Populations of microocrganisms at different distances
from the roots of lupin seedlings determined from
plate counte (from Papavizas and Davey, 1%&81).

Microorganisms (102 g=! soil)

Distance fram Strepto-

roat <mm? Bacteria mycetes Fungi
- 1seoo0 sé700 ass
a-2 42000 15500 174
3-4 380040 11400 170
?-12 az400 ti1goa 120
15-1¢ 34170 io100 117
gae 27300 “100 21

a = rhizoplane, b = botk seil =

"rhizosphere effect" can extend for several mm from the root
surface (Table 4». However, their data lacks statistical
treatment, and Rovira and Davey (1974} later noted that the
numbers of microorganisme recorded by Papavizas and Daveyr at
distances greater than 2 mm from the root surface were not
aignificéntly different from those in bulk scil. However, thel/

occurrence of the fungus Paecilomyces marquandii near the root

and its absence in bulk soil shows that there are both
qualitative and quantitative differences between rhizosphere
and bulk soil. @Although the plant may provide microorganisms
with C, there ic little evidence to suggest that all the other
nutrients required by the organisms are supplied by the plant.
While P appears to move ocut of the root {(see Section 2.2.2) it
i unlikely that P from this source iz sufficient to meet

micraebial demand, although no data are available to confirm
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this hypothesis. Thue microorganisms may compete with plants
for c0il P. Estimates of the comparative rates of P uptake by
microorganisms and plants by Beever and Burns (1981) have
indicated that microorganisms have more efficient P uptake
mechanisms than plant rocts (Table S5>. Bowen and Rovira (1%48)
found that uptake of 2P by tomatoc and subterranean clover from
nutrient solution was greater in non—-sterile than in sterile
conditions. Barber (192&4) and Barber and Loughman (1%47) grew
plants at low concentrations of F in solution culture, and
found that roots contained almost twice as much P, and the
amounts transferred to the shoot were twenty times greater in
the absence of microorganisms than in their precence. Crossett
(1947) and Barber et al (1948) provided visual evidence to
support the results of the scolution culture experiments.

Table 5. Potential P, uptalke rate of the scoil flora (from
Beever and Burns, 1%812.

Organicsm Ecstimated fresh Calculated P, Relative
- weight biomass uptake rate P uptake
in 0-10 cm= in 10Km P,®° {(plant
(g m—=22 (fmol P min—t') raoocts = 123
Bacteria 103 3Is¢ ¢.0
Fungi 240 71 1.8
Plant roots 5000 40 1.0
a = Biomass per 1 m® block of soil, 10 cm deep. Bacterial and

fungal biomass based on Clark and Paul (1%70) assuming & dry
weight / fresh weight ratio of 0.2. Root biomass based on
value of S0 g m—2 for rcoot ltength per unit volume given by
Barley (1970) and assuming a canversion factor of 1 mg fresh
weight cm=! ract length.

b = calculated from uptake rates of microorganisms (A.
nidulans and E. coli» and miilet (Pennisetum glaucum) roots in
csolution cul ture {(Beever and Burns, 1¥81).
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Autoradiographs aof plant roots grown in non—-sterile conditions
showed marked accumulation of isotope at the root surface. The
accumulations were attributed to colonies of bacteria.
Decreased P uptake in the presence of microorganisms in scil
has alsa been demonstrated. akhromeiko and Shestakova (1938)
showed that uptake of 2P by ocak and ash seedlings aqrowing in
cand was depressed considerably by the addition of an aquecus
suspencion of bacteria (Table &). @Also Benians and Barber
(1274) found that P uptake by barley plants from a P-deficient
basaltic loam =ail was higher under sterile than non-csterile
conditions,

In many laboratory investigaticons where microbial activity
has been artificially stimulated by the addition of a C source
to simulate the natural incorporation of organic material,
changes in scil P distribution have been observed. Johnson and
Broadbent (1952) added ground lucerne to ®2P-labelled =o0il and
measured changes in the specific activity of various chemical

fractions of scil P. Accumulation of 2P in organic fractions,

Table 4. Influence of bacteria on the uptake of P by ocak and
ash seedlings {(from Akhromeikeo and Shestakova,
1958>.

Species Treatment No. organisms 32p content (cpm g~

present Seedling Sediment=

Qals Control 21 5.1 8.7 22.5 15.8
+ Bacteria 3200 3.9 3.2 14.7 33.9
Ash Contraol 17 24.8 10.4 108. 4 14.8
+ Bacteria 1120 146.8 ?.0 82.4 53.8
a = sediment obtained after centrifugation of a water extract

of the zand.



and targe and rapid changes in specific activity of other
fractions were atitributed to microbial activity. Johnson and
Broadbent (1952) proposed that available P, in soil be termed
the "metabolic pool". Plants and microcorganisms may withdraw P
from the pool (immobilisaticn? while biclogical and biochemical
reactions may add teo the pool {(mineralisation). These workers
picneered the cancept that the microbial biomass in so0il was &
labile fraction of organic matter, although many beliewve this
concept to be a recent aone {Jenkinson and Ladd, 1%81). In &
series of experiments, Ghoshal (1974, 1975a, 1?75b) and Ghoshal
and Janssan (1%75) were able to demonstrate indirectly the
immobilisation of fertiliser P by soil microcorganisms.
Microbial activity was stimulated by addition of gluccose,
cellulose or farmyard manure to the soil, and water soluble P
labelled with 22P wase added to the =soil. The changes in 2=P
activity of an ammonium lactate—acetic acid extract
("available" P) of scil was monitored with time under various
treatments (Figure 3). Chauhan et al (1979) studied the
effect of repeated additions of C, as cellulose (with and
without added P> and as dried grase, on the amounts of P
extracted from scil by various reagents. They found that
approximately 3%9¥ and 22% of the P added in grass and with
cellulose, respectively, was found in organic forms of soil P
after ? monthe. The addition of cellulose without P caused a
decrease in the amount of P held in pltant available form (as
determined by an anion exchange method (Sibbesen, (1977)) due

to immobilisation by microorganismse. Chauhan et al (1979
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T T T T 1 !
2 4 7 10 15 20 .
DAYS OF INCUBATION N
n
A: Theoretical line for biologically and chemically static condition. I
B: 10 mg P32-1abelled phosphorus
C: B+0.2% Glucose-~C.
D: Same as ‘C’ treatment ,but further additions of 0.2% Glucose=C on 4th, 8th & 12th day.
T: B+ Toluene.

Extractable ®2P recovered after various periods of incubation

with special reference to glucose additiaon (from Ghoshal,
1974) .
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postulated that lack of available P could eventually slow down
decomposition of added C, and they subsequently presented data
to support this hypothesis (Chauhan et al, 1981). However, to
obtain large and measurable changes in ®'P extracted by the
reagents, Chauhan et al used very large additicons of C -
equivalent toc 4000 kg organic matter ha—! every 30 days. Cole
et al (1978) also used high rates of glucose addition in their
studies of the incorporation of added P, into the scil biomass.
However, they were the first workers to apply a fumigation
technique to estimate P held in the microbial biomass (see
Section 2.4.2), although the fumigation technique had been uced
previcusly to measure C in the biomass {(Jenkinsan, 1748). They
were able therefore, to measure directly the amounte of P
immobilicsed by microorganieme. Stimulation of microbial
activity with glucose decreases the proportion of added
tfertiliser P entering the plant (Ghoshal, 1975b; Abbott,

1978y,

While most of the experimental work detailed abave
demonstrates that soil microorganisms can effectively
immobilise solution P, it should be remembered that net
mineralisation of P may alse occur. [Addition of organic
material to soil may provide both & source of energy and of
nutrients - nutrients which microorganisms can utilise to build
tissue, or nutriente which may be released as the organisms
release and assimilate C. This aspect has already been
discussed with respect to plant materiale in Section 2.2.2.
Similar arguments apply to the decomposition of animal manure=s

or other materials such as municipal composts or sludges. <(Faor
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& detailed review of the effect of manures and wastes on soil P
transfaormations, see Sommers and Sutton (1982).) Nutrients held
within microbial celle however, must be regarded as being only
temporarily in this form. Microorganisms synthesise a variety
of P compounds including RNA (30 to 50X of total cell P)Y, DNA
(5 to 10X», acid-soluble P, and P, compounds comprising
orthophosphate, metaphosphate and probably polyphasphate, sugar
and adenosine phosphates (15 tao 204, and various
phosphorylated coenzymes and phaospholipide (10> (Stewart and
McKercher, 1%82). Depletion of added C, predation, or
environmental stresses (which are discussed below) will
eventually lead ta a decline in population, and a release of P
compounds into the goil. A literature review by Katz and Leith
(1?74 indicates that all microbial groups undergo dramatic
population changes in virtually a1l ecosyetems. Dead organisms
act as subetrate for new microbial growth (Jenkinson, 1%5&;
fnder<an and Comsch, 1978), or auvtolytic degradation of the
microbial tissue may occur irrespective of the number of
survivores (Cole et al, 1778). There is evidence that P
released from decomposing microorganisms can be utilised by
plants. In an experiment similar to earlier studies in which
uptake of P from added plant materialzs was examined {(Section
2.2.3), Kapecor and Haider (1982) studied the net mineralication
of (dead) fungal biomass added to soil, and its availability
faor ptant uptake. They concluded that the material was not as
effective in supply¥ing P to plants as P,;, and that melanised
fungi had a lower availability in this respect than hraline

fungi. Stewart and Hedley (1280) found that a large proportion



of the P held in ®@P-labelled bacterial cells was rapidly
mineraliced and taken up by other organisms or plants. It
should be remembered, however, that mineralication of microbial
cells grown in vitro and added to so0il may be different from

mineralisation of soil organisms in situ.

Scil disturbance

Disturbance of the scil has the effect of rearranqging the
spatial distribution of microorganisms and substrates.
Mon-motile microcorganisme which deplete the substrate in their
immediate vicinity are brought into contact with fresh sources
of C. This is analagous to an input of C inte the system so
that microbial activity is stimulated. The C being
metabaliced however is native to the soil, and therefore the
amounts of s0il organic C will decrease with repeated
cultivation (Tiessen et al, 1982). 1t haz also been suggested
that cultivation stimulates microbial activity through improved
aeration (Clements and Williams, 19&4). Several studies have
shown that P, decreases in so0il under continuous cultivatian

(Thompeon et al, 1934; Haxes et

, 1741 Williame and Lipsett,

e

1941; Adeptu and Corey, 1977; Hedley et al, 1982a; Tiessen and
Stewart, 1983, For example, Williame and Lipsett (1941) found
that cultivation of soils for wheat in New South bales caused,
on average, a 204 reduction in organic matter content of the
ggil over a S0 - &0 year period. P, declined by 174 over the
zame period, and this was attributed toc increased

mineralisation in disturbed scils. Williams and Andersan

(1948 found that inositol phosphates accumulated in soil under
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undisturbed leguminous pastures, but that cultivation decreased
organic matter and inositol phosphate contents. More recently,
fractionation techniques (see Section 2.4.2) have been emplored
to follow the redistribution of P which occurs with cultivation
(Hedley et al, 1982a; Tiessen et al, 1983). Hedley et al
(1982a) found that cultivation caused a reduction of total P
present in & black chernozem {(Udic haploboroll?>. The soil’s
ability to provide P for plant growth deteriorated more than

might be expected from the change in total P content. Not only

was plant available F, decreaced, but zo alsoc were the

[N

extractable Po, and recidual F fractions. Tiessen et al (1982),

used a combinatian of physical and chemical fractionation
techniques. They found that cultivation decreacsed plant
available P to an extent which was closely related to loss of
organic matter. Examination of particle size fractions showed
that P, contents of coarse fractions increased during the first
few years of cultivation, and that & shift of coil F
compozition towards P, at the expense of Po occurred in all
cize fractions (Ties=en and Stewart, 1?83>. In most of these
studies, unfertilised cultivated and uncul tivated scils were
used fcocr comparative purpocsecs.

The action of invertebrates in disturbing and rearranging
c0il particles hase a large influence on microbial activity in
so0il. Earthwaorms in particular have a considerable impact on
nutrient cycling in pasture socile (Sharpley and Swers, 1977).
By creating a favourable environment for bacterial activity in
their gut (Edward and Lofty, 1971} and by phrsical disruption

of soil particles and organic matter, earthworms can increase



the plant availability of P derived from both fertilisers and
plant residues (Mansell et al, 1981; Mackay et al, 1982). A

concise review aof the role of invertebrates in nutrient cycling

has been produced by Hutchinson and King (1982).

L Inorganic nutrients

There is little information in the literature on the effect
of inorganic nutrients on mineralization—immobiltization
reactiaone. Most of the research undertaken has focused on the
effect of P, on the mineralisation of P,. Dalal (1?277) lists a
number of studiecs where addition of P, stimulated
mineralisation (McCall et al, 19546; Kaila, 19415 Acquave, 17&83;
Enwezor, 1984). O0Other weorkers, however, have reported no
effect of Py, on mineralisation of Po (Weir and Black, 192&8;
Ghoshal, 197%a). It is difficult to recancile thezse
conflicting reportse. Dalal (1?277) suggests that increacsed
mineralisation aof P, through addition of F, may be due ta
displacement of P, from solid surfaces, thus rendering the /
compounds liable to chemical or biclogical hyé:;;ysis.

It has been observed that addition of P, as fertiliser
increases immobilisation as amountse of P, increase in soils
under pastures (Jackman, 1984; Steward and Oades, 1972; Lewis,
19782 and cultivated crops (Owssia, 19865 Yan Diest, 19483,
Most of the increase in P, can be attributed to the increase in
plant growth stimulated by fertiliser application, and the
associated increase in inputs to the scil of non-harvested
plant material (Anderson, 1280). Hedley et al (1982a) also

suggest that increased amounts of P, available for microbial



uptake cause greater amounts of P, to be produced. Supporting
evidence ics provided by Chauhan et al ¢1981), who found &
positive relationshis hetween microbial P uptake and the
concentration of P, in solution. Hedley and Stewart (1982a)
alsoc showed that the P content of microorganicsms wvaried
according to the P, supplied.

Additicon of Py may alsa influence mineralisation through its
represcsive effect an the activity of phosphohydrolases (McGill
and Christie, 1%832).

Influence of nutrients other than F on mineralication-
immobilisation reactions of P in c0ils have received scant
attention. Barrow (1940) studied the effects of varying the N,
S, and P content of pure organic compounds on their
mineralisatian. He found that increasing N supply caused
increacsed immobilisaticon of P but the effect of § was iess
ctear. Dalal {1977) states that organic matter contains
definite proportions of C, N, 5, and P, and that deficiencies
in one element will reduce arganic matter accumulation even if
P is in plentiful supply. However, as pointed out previously
in the discussicon of decamposition of plant materials, there
are dangers in adhering to strict stoichiometric relationships

between energy (C> and nutrient elements.

Trophic interactions

The importance of predation in nutrient cycling was first
recognised in aquatic ecosysteme (Johannes, 1983, 1948;
Barsdate et a1, 1974). Barsdate gt al (1974) studied the

decomposition of plant material in microcosms, with and without



bacterial grazers. They found that the turnover of P in the
srstem far exceeded the actual mineralisation of P from the
added plant material, and that this cycling, as well as
mineralisation, was stimulated by protozoan grazing of the
decomposer populations. Cole et al (1978) performed a similar
study with scil microcoems and found extractable P (0.5M
NaHCOg (pH 8.5)) to increase and microbial P to decrease in
s¥stems containing bacterial grazers (Figure 4). In a field
experiment, Elliott et al (1?84) found large declines in
microbial C and P, increases in mineral N and extractable
(0.2M MaHCO5 (pH 8.3)) P, and P, concurrent with increases in
protozoan numbers. All these studies emphasise the importance
of both the microorganisms, and their population dyvnamics, in

nutrient cyvcling.

Temperature

Diurnal and seasonal changes in temperature affect
biclogical processes in soils. Large seasonal variation in
several labile P fractions has been noted by a number of
warkers (Blakemore, 1?246; Garbouchev, 194&; Nauren et al, 1%949;
Halm et a1, 1972; Dormaar, 1972; Gupta and Rorison, 1975;
Weaver and Forcella, 1979; Haines and Cleveland, 1981; Felleca
et al, 1983; Elliott et al, 1984). Saunders and Metson (1971)
postulated that the poor response of pastures to applied
superphosphate in spring was due to mineralisation of P.,. This
accords with the observations of Dormaar (1972), who noted

increases in soil P, over winter and decreases in spring in

Canadian scils. In laboratory studiecs, it has been ohserved
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that temperature can have a large effect on rates of
mineralisation and immobilisation reactions (Fleoate, 1970b;
Martin and Cunningham, 19272; Till and Blair, 1978). Williams
(1947) reviewed the effects of temperature upon mineralisation
of soil Po. He concluded that mineralisation was slow at low
temperatures, but that at higher temperatures P, may be more
sensitive to temperature changes than other components of soil
organic matter. Although low temperatures are usually
associated with the cessation or drastic decreases in
biological activity, there ics evidence that organisms naturally
and continuously exposed to such conditione adapt to them.
Organiemes in arctic tundra scils can still effectively
decompose organic materiale at temperatures as low as -5 <C
{Chapin et al, 1%78).

Recently, Harricon (1%282a) developed a technique using
92P-1abelled RNA to measure rates of labile P, mineralisation
in forest soils. He found that rates of mineralisation of RNA
were higher in spring than in autumn, and that this was related
ta increased phosphatase activity in the scilese during spring

{Harrison, 1%282b).

Water

All organiems require water if they are to survive. It is
well known that there is a close relationship between microbial
activity and scil water status. Water potential affects the
activity of soil organisme both directly and indirectl». Low
water potential directly influences metabalic activity by

slowing enzyme reaction rates (Acker, 1?&2; Skujins and
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McLaren, 19é7). Growth may also be retarded by the need to
accumulate solutes to maintain turgor pressure (Adebayvo et al,
1271). Indirectly, changes in water potential affect the rate
of solute diffusion and degree of microbial motility, and thus
recpiration rates may decreace at low water potentials due to
substrate exhaustion {(Wilson and Griffin, 1979). For example,
Orchard and Cocek (1%832) found a log-linear relationship between
s0il water potential and microbial activity as long as activity
was not limited by substrate availability. Thus soil water
pctential has & large effect on mineralisation—-immeobilisation
reactions in soils. That so0il crganisms are able to function,
albeit at different levels of activity, over a fairly wide
range of water potentials tWilson and Griffin, 19752, may
explain some of the conflicting results in the literature
relating soil water statuz to P transformations (Dalal, 1277).
Large andsor rapid fluctations in water potential have a
large intluence on P transformations in scil. Lebedjantzev
(1924) reported that repeated drying and wetting of a soil
brought about a substantial release of P and N from oraqanic
sources. Birch and Friend (1%481) found that P in an organic
cs0il was campletely mineralized after 204 wetting and drving
crcles, although temperatures of 100°C were used during the
drying cycles. There are many other reports in the literature
where a release of plant nutrients has been observed as a
result of drying and wetting cycies (e.qg. Birch, 1740, 1%964;
Soulides and Allisaon, 17413 Harada and Hayvashi, 19468; Marumoto
and Yamada, 19277). A number of reasone to explain the "fiush"

aof easily extractable P, or Fo following desiccation have been



postulated. @Air drying of plant material causes extensive
degradation and conversion of P, to Psy probably through
autolytic activity of plant enzymes (Barr and Ulrich, 1943;
Martin and Cunningham, 1972; Jones and Bromfield, 1982). 1I¥
the water potential deficit is sufficiently severe, drying of
scil also results in the death of microorganisms (Lund and
Goksoyr, 1%80). That portion of the biomase killed through
desiccation may undergo autolwvsis and release Py, thereby
transforming P, into readily extractable forms (Broaokec et al,
1982,

On rewetting of previcusly dried soil, there is a rapid
burst of microbial activity as the surviving organisms utilice
their dead colleagues as sources of enerqy and nutrient
(Stevenson, 1954; Lund and Gokszoyr, 1980; Orchard and Cook,
1983>. Substrates held within aggregates may alszo be expacsed

by drring-rewetting soil due to the disruption of aggreqates

(Adu and Oade=, 1?7%). Peaks in bacterial populations in dried
so0il occcur sogon after wetting (Campbell and Biederbeck, 1974).

Furngi respond more slowly (Lund and Goksoyr, 1780).

Respiration and amounts of mineral N in air dried soils
increase dramatically on rewetting. Indeed, the release of
mineral C, N, S, and P ies used as the basis for the methods for
measurement of nutrients held in the biomass - death being
caused by fumigation rather than drring (Jenkinson and Powlson,
19745 Avanaba et al, 1974; Saggar et al, 1981; Brookes et al,

1982). Marumoto et al (1982) observed that the quantities of N

mineralised from dried and rewetted =oils was closely related

to the quantities present in the <oil biocmass before
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treatment. The magnitude of any changes in soil nutrient
distribution will therefore depend on the quantities of
nutrients held in the biomass, and the proportion of the

papulation susceptible to desiccation.

Oxrgen

It is difficult to separate the effects of water from those
of aeration on P transformationes and reactions in soil (Dalal,
1977). Despite the fact that microbial activity is lower in
anaercbic than in aerobic conditions, waterloaged soils
agenerally contxin less Po. than well drained scils {(Campbell and
Racz, 19735). It is difficult to attribute lower concentrations
of Po in anaercobic scils to increased rates of Pg
mineralisation, as these rates are usually slower in anaerabic
conditions (Dick and Tabatabai, 1978). More research is
required before the effect of aeration on reactions of P in

csail are fully undercstoad.

Soil reaction

Biological activity in soil is depressed at low pH. Thus
acidification of scils favoures the build up of Po (Batten and
Osborne, 1983) as plant residues are not quickly recyvcled. Net
mineralisation of Po in acid soils is usually stimulated by
liming (Thompson et al, 1%54; Halstead et al, 1963; Awan, 1944;
Lucas and Blue, 1972; Islam and Ahmed, 1973). The effect is
attributed to increased microbial activity (Halstead et al,

1943 and increaszed solubility of some phosphate esters

(Anderson, 1980). Harrison (1982b) recently demonstrated a
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strong positive correlation between rates of mineralisation of
labile P., and <cil reaction over the range pH 3.1-7.5. Soil
reaction, however, also has a large influence on inorganic
reactions controlling P availability in co0ils (Haynes, 1982).
Bulk scil pH may not be an accurate reflection of scil reaction
in close proximity to root or clay surfaces, as these can alter
the pH of their immediate environment (McLaren and Estermann,

1?48; Hedley et al, 1982b).

Ta summarise, it is clear that microorganiesms to & targe
extent determine the reactions which affect P availability in
s0il. While mycorrhizal fungi have a large effect on plant
nutrition, microorganisms in <o0il not linked to plants through
a symbictic relationship also have & large effect on soil P
transformations, and hence the P nutrition of plants. Much of
the early worlk which examined microbially mediated reactions
involving soil P was qualitative. The development of methods
to measure directly the amounts of F held in saoil
microorganisms (Section 2.4.2) now allows a gquantitative

ascesement of the role of microcorganisms in P cy¥cling.

2.9 Methods of studving P cyvcling

2.4.1 Modelling

Eefore reviewing the results of cstudies utilicsing modelling
techniques, it is pertinent to discuss how these techniques

help the scientific study of nutrient crcling.
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The construction of simulation models, aided by the advent of
pawerful computer technology, has stimulated research by
complex systems analysis of environmental systems. Simulation
modelling aide the interpretation of large amocunts of complex
data, facilitates the organisation of information, and can
direct research into areas of critical interest (Woodmansee,
1978). Ancther potential use of simulation models is for
prediction of situations that are difficult or impossible to
observe experimentally e.g.future trends. @A distinction should
be made between simulation modele and nutrient budget model=.
Simulation modelling involves the integration of existing data
into mathematical exprescions to provide a subjectively
assessed degree of similarity between model predictions and
observed evente. These relationships can then be extended,
with a chosen degree of uncertainty, to new cituations for
which no data are available. aAlternatively, sensitivity
analr¥sis of the relationships incorporated into the model can
reveal gaps in knowledge where maore precise information is
required (within the conceptual framework in which the model
was developed). HNutrient budget models, on the other hand,
invalve the collection of large amounts of data from a
particular ecosystem (and are therefare site specific and
labour intensive), and their organication into some conceptual
framework without the need to validate concepts or predict
events. Precicse mathematical relationships need not be defined
for such madele, as their main function is an organicational
one. Howewver, nutrient budget models may =still demonstrate

interesting relationships between components of the syestem.



_40_

Simulation models of P cycling have allowed the integration
af the effects of water, temperature, soil properties, plant
phenology, microbial decomposition of organic matter, and the
effects of management on flows of P in a system (Stewart and
McKercher, 1982). 0One of the first cimulation models of P
cycling was described by Barsdate et al (1974). The model was
decsigned to simulate P cycling in a system of detrital
decompasers and it was calibrated against measured changes in P
fractions in microcosms. A more complex model of P cycling in
grazed pastures was developed by Blair et al (1278, UVarious
values for reaction rates of P transformations and pocl sizes
wer & talten from the literature for incarporation into the
model, and the model valtidated against results from a field
grazing experiment. Through sensitiwvity analysis, the madel
was able to identify parts of the soil P cr¥cle where
information from experimental research was lacking. These
included the turnover of organic matter and the subsequent
release of F, and the rale of both micraoconsumers and
macroconsumers in mineralisation and recycling processes. Cale
et al (1977) developed a simulation model for P crcling in
semiarid grasslands. They applied the model to two grassland
sites, and compared P flows with field measurement. Topics on
which tack of information was identified included
mineralisation of P, relationship of microbial P turnover to
microbial biomass, influence of phosphatases on mineralisation
of Po, and morphology and activity of roots. Rates of uptake

af P by population=s of decomposers were four to five times

greater than plant P uptake. For P, trancsformations in a



forest scil ecosystem, Micshra et al (1979) developed a
cimulation model from which they predicted that there would be
no direct mineralicsation of P, from leaf litter without passage
of the P through a microbial body. The model was very
sencitive to changes in the efficiency factor used (the
fraction of decomposed C converted into cell C), but there is
come uncertainty about the relationships generated by the model
as the correlation between predicted and observed values was
pocr .

In & number of studies, nutrient budgets of specific sites
have been examined and conceptual models of P cycling developed
for the ecosystems at these =s=ites. Halm gt al (1972) measured
the P contents of green grass; dead grass, forbs, litter and
roote in & native grassland eccsystem. They also measured Py
and P¢ extracted by 0.5M MaHCO, ¢(pH 8.5}, total and organic P
in the €cil and P held in soil fauna and microorganisms. Hxlm
et al found more P was held in the microbial biomass than in
the standing crop. Rates of transfer of P among all the
various components of the system were not assessed however.
Harrison (1978) described the P cycle under two temperate
unfertilised sy¥stems (woodland and grassland), and has given
both pool cizes and estimated or measured net annual tranesfer
rates between some of them. @&lthough most of the P in the
biomase was in the vegetation, the scil fauna and
microorganisms alsoc contained significant quantities. Harrison
emphacicsed the importance of recycling of P through

decompozition of plant residues, as plant uptake of P depended

largely on this process. Woodmansee and Duncan (19802 also
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prepared a nutrient budget model for a grassland ecosyestem and
were able to estimate annual fluxes between components of the
csvetem. They confirmed Harricson‘es (19278) findings that
decomposition of plant residues supplied the plants with most
of their P requirements.

To summarise, modelling approaches have provided great
ingsight intc the interrelated nature of many of the processes
governing reactions of P in ccil. The microbial biomass and
the crganic P in =scil are two components which have repeatedly
been identified as requiring further experimental research

effort.

2.4.2 Chemical methads

The numerous chemical studies involwing Py and Fo in soils
may be conveniently classified as either static or dynamic.
Static =tudies include the myriad of investigations into the
chemical nature of both P, and P, in soil, reviewed by Larsen
(1947), Halsetead and McKercher (19753, Dalal (1977, Barrow
(1978}, Anderson (1975, 19802, Sample et al (1?80, and White
(1980). While a knowledge of the wvarious chemical forms of P
in soil provides insight into reactions which could take place,
it is the rate of change in chemical form which is mast
interesting in P c¥cling studies. Dynamic studies, aim to
relate changes in chemical form cover time, or with varicus
treatments, to soil processes. Techniques developed to
characterise co0il P have been utilised in dyvnamic studies to

acssess P transformationse in soil. Stewart and McKercher (1932)

have summarised the analwvtical techniques used in P cy¥cling
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studies, and have recommended a variety of methods to study
components of the P cycle (Table 7). dApplication of
fractionation techniques, the direct measurement of microbial
P, and the application of radiocisotopes are perhaps the most

impartant develaopments in this field.

Fractionation technigues

Baoth chemical and physical fractionation techniques have
been used in P crcling studies.

Mast of the chemical fractionation techniques do not aim to
measure zpecific P compounds, but rather groups of compounds by
evaluating their susceptibility to solubilisation by various
chemical extractants. Early attempts to fractionate soil Pg
uced reagents such as NaOH, KOH, MH4O0H and dilute and strong
acide to extract varicus P. compounds from =scil (&nderson,
19413 Martin, 1944>. The chemical nature of P, in the extracts
could then be studied using ion exchange chromatoaraphy.

Bowman and Cole (1%978a) developed a fractiocnaticon scheme for
P. in grassland soils which was subsequently used by Chauhan
et al (1¥81) in the ceries of laboratory incubations described
in Section 2.3.4. Bowman and Cole (12738b) subsequently used

0.5M NaHCOg <pH 8.5 as an extractant to follow transformations

of certain P, substrates in soils.



Table 7. Procedures recommended by Stewart and McKercher
(1982 for the study of P cy¥cling in soils.

Method Feference

Fe and Py Saunders and Williams (1955}
modified to use 1 M HzS504;
Anderson (19240); Halstead and
HMckercher (19732

Fe plus division into Hedley et al (12320
P, and F, fractions

Py fractions only Feterson and Corey (19882
modified for calcareous soils by
Sadler and Stewart (1?753); Hedley
et al 1982a0

Po fractions only . Hedley st al (1982a)

Fesin-extractable F famer et a2l (1735); Sibbesen
(19772

Incsitol P, lipid P and Halstead and McKercher (19730

nuclecphosphates

MaHCOg extractable

Py Qlsen et al, (1734
Pe Bowman and Cole (1778b0
Micraobial P Hedley and Stewart (1782)
Microkial activity — COz production trapped in MaOH in sealed
containers
Microbial biomass - bacteria wvan Yeen and Paul (19792
- fungil van Yeen and Paul (197%)
- total ander=on and Domsch (1978)

- protozoa Anderson gt al (127%);
nemstodes Oostenbrink (19702
Darbyshire gt al 19742

Phosphatacses Gerittse and Yan Dijk (1778
AaTR FPaul and Johnson (19772

Jdenkinson and Qadecs (1927%)
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Chemical fractionation of P, in soil has also been attempted
by many recearchers. Perhaps the most widely used procedure is
that of Chang and Jackson <1%237) or modifications thereof
(Fife, 1999, 1942; Peterson and Corey, 19465 Williams et al,
1947, 1980; Hedley et al, 1982a, 1982b>. In one of its recent
forme (Hedley et al, 1982a), the fracticnation scheme makes no
attempt to distinguish between aluminium and iron bound F
(Figure S», but includecs measurements aof P. fractiocns. Note
that & similar scheme given recently by Tate (1985h) differs
from the method of Hedley et al (1982a) in that scil pretreated
with resin it used for the subsequent fractionation, and not
the chloroform treated soil as recommended by Hedley et al
(1982a). Stewart and McKercher (1%82) note that a major
advantage of this technique is itz ability to distinguish forms
of P, commonly used in the description of P compounds in soil,
while simul tanecusly providing information on labile and stable
forms of P,, and amounts of microbial F. Hedley gt al (1¥82a,
1982b) have shown the utility of the technique in abserving
transformations of P in soils subjected to inputs of organic

materials or cultivation, and in studying reactions in the

rhizosphere.

mn

o hesn superimposed

=1 e

Phvesical Fracticnation of saoils ha

upcon chemical fractionation schemes to assese the effect of
cultivation on the redistribution of P in s0il {(Tiecssen and

s 1983). Tiecssen et al (1983)

Stewart, 1983; Tiecscen et

d

fractionated =scil intoc variocus size categories before chemical
analysis. They found that P, lost from a scil due to continued

cultivation was derived mainly from finer (< 2 Em) fractions.
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SOIL

Duplicate samples (0.5 g, <150 gm) in 50 ml screw cap
centrifuge tubes. Add 30 ml deionised water plus 0.4 g
resin in nylon bag. Shake 16 h, 24°C. Remove resin bag,
Centrifuge and discard supernatant.

‘I’

RESING

\
Allow to sit overnight at 24°C without cap. Add 30 ml NGHC03.
Shake 16 h, 24°C. Centrifuge and filter supernatant.

Discard soil. I

Y

EXTRACTD

Add 1ml CHC13, recap tube, leave 1 h with shaking,
Evaporate CHC13 overnight, Extract with NGHC03 as for
Extract® |

» | EXTRACT®

Add 30 ml 0.1 M NaOH. Shé&e 16 h, 24°C. Centrifuge and
filter supernatant. |

_ |exTract d

_—

Add 20 m! 0.1IM NaOH to remaining soil. Stand centrifuge
tubes in ice bath or 0°C and sonicate 2 min, 75 watts. [iake
to final volume 30 ml 0.1 M NaOH. Shake 16 h, 24°C,
Centrifuge and filter supernatant.

| » | EXTRACT®

Add 30 ml 1.0 HCI to remoi*ing soil, Shake 16 h.
Centrifuge and filter supernatant.

r

» |ExTRACTT

Digest remaining soil with 5 ml stoq and H202. Filter
| »| DIGESTY

RESIDUE

Fiqure 9. Flow chart of the fractionation of soil P
into various P, and Po fractions (from
Hedley et al, 1982a);

(a) Resin-P: most biologically available P.
(b) NaHCQL-P: labile P, and P.s.
(c) CHCI1a/NaHCO5;—-P: microbial P.
(d) NaQH-P: moderately labile P, and P..
(e) Sonicate/NaOH-P: aggregate protected P,
and Po.
(f) HC1~-P: basic P minerals and occluded
B r
(g) Residue-P: stable P, and Pg.
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In both the soils studied, sulphuric acid extractable F
{thought to be mainly apatites) accumulated due to
cultivation, and the increases were recorded mainly in coarse
2ilt (5-50 Em> fractions.

Physical measurement techniques such as 2!P-npuclear magnetic
resonance (2!P-NMR), diffuse reflectance infra-red spectrometry
(DRIFTS? and photo-acoustic techniques are promising
developments which could be applied to studies of P cx¥cling in
zoils. Most of the studies to date fall under the static
classification i.e. they have been used mainly to characterise
farms of Pg or P, in scil (Newman and Tate, 1980; Tate and
Mewman, 1982; Condron gt al, 1784). However, guantitative
application of ®'P-MMR recently proved useful to follow changes
in forme of Pgo in alkaline extracts of fertitised and
unfertilised grassland scils (Hawkes et al, 1%84).

&4 criticism of 2'P-NMR and the chemical analysis of soil
fractions discussed above iz that alteration of the forms of F
may occur during extraction from soil. Z!P-NMR of coil
extracts requires high concentrations of P in solution to
attain an acceptable signal to noise ratioc. This often
requires that scil extracts be concentrated before analysis,
Such treatment may also allow changes to occur in the chemical
form of P. Methode which study chemically untreated soil, such
as solid state cross polarisation 2!P-NMR and DRIFTS, offer the
mos=t potential in terms of the characterisation of P compounds
in so0il (Williams et al, 1981Y. If such methods can be

developed to a stage where accurate quantitative analysis of P

compounds in scil can be achieved, significant advances in our
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knowledge of P cycling in so0il will result.

N

/ Microbial P

There have been few studies in which attempts were made to
measure indirectly the amount of P held in the <oil microbial
biomass. Anderson and Domech (1980) measured the C content of
246 agricultural scils and estimated the microbial P contents of
the soils from C:F ratiocs observed in labaoratory grown
organisms. They found that the microbial biomass could contain
substantial amounts of FP: microbial F contents of the scils
ranged from 1.7 to 244 kg P ha—t! (0-12.5 cm layver). Howewver,
due to the uncertainty of microbial C:P ratios determined in
the laboratory (van VYeen and Paul, 1979), these figures should
be treated with caution. With the advent of direct methods to
measure micraobial P in soilse, indirect methods have not been
widely used.

The basis for direct measurement of microbial P in soils is
the observed increase in extractability of P from scils to
which a biocidal treatment has been applied. Birch (1741) was
the first to suggest that release of P from & material
following treatment with chloroform wvapour could be used as an
index for the presence of viable corgani=zms. Bowman and Cole
{1978b) cite the use of chloroform vapour and extraction with
0.3M NaHCOg (pH £.5> to indicate changes in microbial P in
laboratory incubations, but Chauhan et al <1979) were the first
to document properly a procedure for determination of microbial
P in soils using chloroform and 0.5M NaHCOZ (pH §.5).

Subsequently two detailed procedures for the determinaticon of
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microbial P in soil were reported (Hedley and Stewart, 1982;
Brookes et al, 1982>. Both these techniques measure the
increase in amount of P extracted by 0.5M NaHCOz; (pH 8.5
following chloroform treatment, and reltate this to amounts
present in the microbial biomass. The proportion (Kg) of
microbial P released by the procedure is determined using
laboratory grown (Hedley and Stewart, 1982) or lyophilised
arganisms (Brookes et al, 1982). The use of lyophilised
organisme is questionable as the release of P from unfumigated
lyophilised cellse is likely to be different than from
unfumigated live cellse. Organieme cultured in the laboratory
are also likely to have different chemical compositions from
those occurring in aoilé. Moreover the microbial flora may
vary from soil to secil, so that different K, factors may be
required for different coils. However, until live, undamaged,
and uncontaminated organisme can be isolated from scils there
appears to be no other suitable calibration technique. There
are differences in the actual procedure followed in the two
published methods. These are tabulated in Table 8. The
methods have confirmed the findings of A&nderson and Domsch
(198023, that a concsiderable quantity of P appears to be held
within microorganisms in =sgil.

A major advantage of the chloroform fumigation technique ics
that the element under consideration is extracted and measured
rather than estimated indirectly. This means that the
technique can be used in conjunction with tracers to label and

identify reactions cccurring in the scil in which the

microorganisms are involved.
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Tahle 8. Differences in pracedure between the methods of
"Hedley and Stewart (1982) and Brookes et al (1%82)
for the determination of microbial P in soil.

Hedley and Stewart Brookes et al
Soil Air-dried, ground, Field-moist, aerobic
rewetted, aerobic incubation {10 days?

incubation (21 darsy.
Resin extraction pre-
treatment
Sample size 0.5¢g 10.0qg

Chlorotorm Liquid, 1h exposure Yapour, 24h exposure

Extraction
Sail:isolutiaon

ratio 1:20 1:60
Feriod 16h 30min
Measured
parameter Pe. P,
Keg walue 0.27 but variable 0.34 (P,
depending on scorpticon 0.47 (P
Sorption
carrection > Single spike aof P,

For example, Stewart and Hedley (1980) used the technique in
short term laboratory studies to measure the mineralisation and
plant uptake of ®2F from 2®FFP-labelled bacterial cells added to

sails.

llece of radiacisotopes

Rather than list all the investigations which have utilised
izotopes in the study of P cycling in scil, most of which have
already been menticned above, it is perhaps mare approapriate to
malke a general comment. From the preceding sections it can be

seen that the use of the twao radicisotopes of P - 22F and 33F -
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has plaved a major role in furthering our knowledge of P
transformations in so0il. The use of these isotopes can often
provide valuable information unobtainable with investigations
using the stable isotope (2'FP). The new technique to measure
mineralisation of RNA in forest soils, using ®2P-labelled RN,
is a good example (Harrison, 1982a). Reaction pathways can be
identified using radicisatopes, rather than inferred from
changes in pool sizes (Stewart and McKercher, 1982). The major
limitation of using 2P and 3P as tracers is the short half
life of both these isoctopes. 22P has a half life of 14.3 dayvs
and ®?F has a half life of 25.3 days. Experiments are
therefore limited to short—-term studies. Large quantities of
®2p cannot be used to overcome the limitation of short half
life, &= radiation damage to organismes ar plants may cccur
(Russell et al, 1950; Blume, 1952; Russell, 1%33), as well as
the increased risk to personal safety. While 23F is safer ta
use because of its lower mean beta energy, it is approximately
ten time= more expensive than 22F., 22F has the advantage that
activity can be readily measured in sclution by Cerenkov
counting {Ross 194%), while ®®P requires the use of a
ecintillation cocktail (Robinson, 174%; L Annunziats, 1779).
Because the radicisotopes of P are strongly sorbed to many
types of surface, special laboratory precautions are often
necessary in the treatment of samples (Hughes and MacPhee,
1983), and in the washing and decontamination of glassware and
plastics. Provided the limitations are realised however, 32F
and ®2F are extremely uszeful in tracing the flow of 3P in a

svetem.



2.9 Summary of literature

With the continued rise in the cost of P as a fertiliser
nutrient, there is an urgent need to identify, and quantify,
reacticons involving the transformations of P in scil from
available to non-available forms and w«ice wversa. This
information is required so that user—-oriented models for
calculating fertiliser requirements can be further refined, and
extended to more types of farming systems (Bennett and Bowden,
19743 Cornforth and Sinclair, 1982). While much information is
available on the reactions of P, in s0il, there is a Tack of
knowledge of the role of decomposing plant residues and
'microorganisms in P cy¥cling. Recent developments in computer
modelling of agro-ecosrstems have identified the shortage of
knowledge in this field. HMew techniques to measure P held in
the microbial biomass, and fractionation procedures which allow
measurement of a variety of P pools in soil, have opened up new
avenues for recsearch into the turnover of P through organic

matter.
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CHAPTER 3

MEASUREMENT OF MICROBIAL P OIN SQIL

2.1 Treatment of scil csamples

A disadvantage of current techniquee for measurement of
microbial P in field soils is that an incubation period is used
before fumigaticon. The method of Hediey and Stewart (1982
usez emall portions of dried, ground, rewetted and incubated
(21 d) soils, while the method of Brockes et al (1982) uses a
10 d incubation period of sieved field-moist soil. Chemical
analysis of soil often requires the goil to be air dried and
ground before analyeis, while biclogical analysis often
requires refrigeraticn of the s0il between sampling and
analv¥sis. Ap experiment was carried ocut to examine the effect
of soil treatment after campling on the flush of P caused by

fumigation.

2.1.1 Materials and methods

Five scils of varying pH, texture, and water characteristics
were chosen (Table ?). After being sampled (0-150 mm layer),
the soils were sieved (<{Z mm) and subjected to four typez of
treatment before fumigation.

Treatment 1: the soils were wetted to -4é kPa and incubated
for 21 d at 20°C (Hedley and Stewart, 1982).

Treatment 2: the coils were sealed in drums containing beakers
af water and soda lime, and incubated at field
water content for 10 d at 20°C (Brookes et al,
1782).

Treatment 3: the soils were air dried.



Treatment 4: the soils were stored at -15°C for at least 14 d,

and then incubated at 20°C for 24 h.

Table ?. Description of scils

Rosewor thy= Ferris Urrbrae WNorthfield Inman
McDonald Valley
Sand # 28 = 44 35 31
Silt # 7 = 35 11 28
Clay =« b = 18 4z 21
pH.,1:52 2.5 7.6 a&.0 8.4 &.0
Org.C “ Q.73 1.10 Z2.&45 1.2¢ Z2.80
Org.N X 0.09 0.08 0.22 g.14 0.25
Gravimetric
water at
&4 kPa 7.4 5.7 19.2 32.8 22.4

a = namees refer to locaticone: they are not type or series
names.

Soils were fumigated with chlorocform and extracted with
0.5M MaHZOg (pH £2.9) according to the method of Brookes et al
{1982y, except that 5 g (instead of {0 g) samples of soil were
used, and the samples were shaken end-over-end instead of
orbitally. @& soil:csolution ratio of 1:20 was used throughaout.
All treatments were replicated three times. As these studies
were comparative in nature, and absalute values of microbial P
were not required, no correction for sorption of released F was
attempted, and the results were not corrected for incomplete
recovery of microbial P.

F, waz determined after filtration of the extracts (Whatman
Na.42) and acidification to remove CO., and P¢ was determined
after digestion according tc the method of Brookes and Powlson

(1981). P, in the extracts and digests was determined by the
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ammonium molybdate - ascorbic acid method of Murphy and Riley

(1962) as modified by Jochn (19700,

3.1.2 Results and discussion

The Py, released by chloroform vapour was & variable
proportion (7-994) of P, (Figure &). These recults contrast
with those of Brookes et al (1982, 1%84), who found that in
most soils the praportion of P, released by chloroform vapour
as P, was generally¥ greater than %0%. For all soils, wetting
to -46 kPa and incubation before fumigation produced the
largest flushes of P, on fumigation. Incubation of the samples
at the water content found at sampling in the field generally
produced lower flushes of P, on fumigation. However, most of
the soils were sampled after & prolonged dry spell, so that the
water contents at sampling were low (Table 13>. pAir drying
decreacsed the F. flush compared to field moist incubation in
411 scils except the Urrbrae loam, with the decreasze being
greatest in those soils having higher water contents at
campling. Freezing as a pretreatment had no consistent effect
on Pe flush, although values were different than those for

tfield moist zamples.

Table 10. Water contents of scils at sampling.
Soil Gravimetric water content
“

Fosewor thy 2.1
Ferrie MacDonald 1.1
Urrbrae 4.7
Inman Valley 2.0
North+ield 4.1

—
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Fiqure 4. P, and P_ released from soils by CHCl,
vapour as affected by soil pretreatment.
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Hedley and Stewart (1%982) recommended that the soil be air
dried, ground, and incubated at a water potential favourable
for microbial activity before microbial P is measured.
However, air drying of soil kills a large proportion of the
organieme (Lund and Goksoyr, 1980), and the results presented
above show that thie will be reflected in values cbtained for
micrabial P. Brocockes gt al {(1982) alsc demonstrated that air
dryving of soil can substantially decrease measured values for
micrabial P. @As shown above however, the extent of the
reduction will depend on the water content of the scoil at
sampling. Subsequent incubation of the scil at a water
potential favourable for microbial activity will stimulate the
organiSME toa multiply, and this will again be reflected in the
values obtained for microbial P. The method of Hedley and
Stewart (1982) therefore, i= unlikely to provide an accurate
assessment of the microbial P content of the so0il at the time
af sampling.

Methods of chemical and biocchemical analyses af coils often
require that <oils be kept frozen for the period between
campling and analy¥sis. The results obtained here suggest that
this is not a suitable storage method before measurement of
microbial P in z0il. Indeed, alternate freezing and thawing is
cften used in microbioclogical procedures to rupture cell
membranes, and freezing is likely to have a large effect on
orqganisme in the soil.

It would appear that if the values obtained for microbixl P
are to reflect those pertaining in the soil at the time ot

sampling then the method of Brocockes et al (1782) should be
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used. This will be discussed Ffurther in section Section 3.7.

2.2 Evaxluatiaon of biocides

Measurement of any element contained within microbial cells
in soil usually involves killing the corganismes to release the
element under consideration. Published methods for measurement
of microbial F in soil {Brookes t al, 1982; Hedley and

Stewart, 1982) utilise chloroform as the biccid

e

1 agent - a
fexture common to many techniques designed to measure nutrients
held in the scil biomase (Jenkinscn, 1?74; Jenkinson and
Powleon, 19783. However, unlike measurements of hbicmass C and
M where the soil must be inoculated with corganismz after it has
been fumigated, measurements of biomass P and S do not require
that all tracez of biocide be removed from the soil before
extraction. Indeed, as Brookes et al (1¥82) point out, any
biccide remaining in the =oil will help prevent microbial
growth during extracticon. Thuse a wide range of highly
efficient clinical and industrial biocides could be used for
measurements of micrabisal P and S in soils.

3.2.1 Material=s and methads

The Roseworthy and Inman WYalley sgils, having widely
differing properties, were selected for screening potential
biccides. The soils were wetted to -48 kPa water potential and
incubated at 20°C for 21 d before/uee, to maintain & high and
repeatable level of biological activity between different
batches of scil. @& range of vapour, liquid and gas hiocides

were used — chlaroform (CHClg?, ethanol {(CoHsOH), propan—-1-ol
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(CgH>0H>, hexan—-1-o0l (C, H,s0H), E-propioclactone (CoH4 057,
formaldehyde (CHz02>, glutaraldehyde (CgHglz?>, ethrylene oxide
(C2HLQ) and methyl bromide {(CHgBr». Ethrlene oxide and methyl
bromide, being gases at room temperature, were introduced into
evacuated desiccators containing the soils to be treated
(Allison, 19312 (Plate la, page 1&4). (Gas pressure was
adjusted to 20 kPa. Glutaraldehyde was combined with NaHCOg4
extractant as an 0.254 aqueous solution tBorick et al, 1%&4).
The remaining biocides were used both in vapour form according
to the method of Brookes et al (1%282), or as liquids (2 cm® 5
g~* oven dry soil equivalent). The water miscible alcohols
(ethanaol and propan—1-ol) were diluted to give 70X aqueous
salutione — this being the mast effective concentration against
crganisms in their vegetative or recsting states (Hamil ton,
1271, A1l soils were fumigated for 3& h at 20°C. WYapour and
gaseous biocides were removed from soils before extraction by
repeated evacuation of the desiccator while socils containing
fiquid biccides were left for 294 h in a fume hood to allow the
hiaocides to evaparate before extraction. amounts of biocide
and water remaining in the scil before extraction were
determined gravimetrically. In the initial experiments, the
flush of 2®*P, and 2P, on treatment of the =o0il with biocide
was measured. Extraction and analycsic of released P were done
as described previously (Section 2.1.1). @as some of the
immiscible biocides could not be completely removed from the
soil before extraction, any P dissolved in the biocide was
aseumed to be in equilibrium with P dissolved in the extracting

solution. A 1é& h extraction period was used throughout.



To ensure that any flushes of P measured by a particular
biccide could be attrituted to P held only within scoil
microorganisms, an incubation technique using ®2P was adopted.
Isotopically labelled tryptic soy broth (TSB)Y was added to S00
g batches of field maoist soils at a rate which supplied {per g
oven dry <0il)> &80 Mg C, 225 Bg N, &40 Kg P, § kBq ®2P and water
sufficient to bring the water potential to —-&é6 kPa. TSB was
chosen as this medium is similar to soil extract media in terms
of microbial response (Martin, 1975). Soils were fumigated and
extracted when micraobial activity reached its maximum - any

delay could increase amountse of 22FP-labelled senescent cells

It

prezent - o that the fiush of 32P could be attributed solely
to lyvsis and extraction of P from living soil microorganisms
in gitu. Microbial activity wazs assumed to be related to
amounts of CO0z produced. In & preliminary experiment, amounts
of COz produced when TSB solution was added to S0 g batches of
gails at the above rate were determined as follows,
Immediately atter the addition of TSE solution to the soil, the
sample was placed in a sealed jar in an incubator at 20<C.
Vials containing 1M NaOH solution were placed in the jar to
trap CO0z produced. The vialse were removed every 12 h and
replaced with vials containing fresh MalOH solution. COgz in the
NaOH solution was determined by titration against HC1.
Microbial activity was found tao reach a maximum 24-3& h after
addition of TS5B solution {(Figure 7).

Amounte of 2=2FP in the extracte were determined by Cerenkav
counting. All counts were corrected for quenching and decay.

All treatments were replicated three timesz. A completely



randomised design was used.

2.2.2 Besulte and discuscsian

Flushes of 2P, and 2P, following treatment of the =oils
are shown in Figures 8 and 9. Ligquid biccides were generally
more effective than vapour forms in the Roseworthy soil with no
such trend being evident for the Inman Yalley soil. The
proportion of 2P, as a percentage of 2P, varied from 2/ for
ethanol wvapour to 72¥ for hexancl wvapour. Chiloroform released
574 of 2P1P, as @1P, in this soil. This wvalue i lower than the
average value found by Brookes et al (1%84).

Glutaraldehyde, formaldehyde and ethanol wapour all produced
=mall flushes of P. Formaldehyde has previcusly been found to
be an effective sterilant in scils (Dalton and Hurwitz, 1942)
although Phillips (12772 warns that formaldehyde has poor
penetration into porous surfaces. Formaldehryde gas alsco
hvdralyses readily in water therefore its penetration into
moist soils could be poor. Glutaraldehyde i=s twenty times as
effective as formaldehyde as a bactericidal and sporicidal
agent (Hamilton, 1971). However glutaraldehyde may leave cell
membrane and wall structures intact f(Labeda et a1, 1¥750
thuse protecting the cell contente against release by the
extractant, Thie could-explain the wvery small F flushes
chserved in both scoils when glutaraldehyde was used as the
biocide. Methyl bromide is widely used as a sterilant in
horticul tural soils, »et this biocide released smaller

quantities of P than chloroform. Both Kolb and Schnecter

(1947) and Munnecke et al (175%) demonstrated that methyi
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bromide ic an effective bactericide and fungicide, so that its
poaor performance in this study could be related to ite poor
penetration into scil. However, Cuany et al (1985 recently
demonstrated that methy! bromide is very effective in
penetrating even moist coils. Hence the poor recovery of
microbial P when methyl bromide and some of the other biocides
were used, may be due to the failure of the biacides to lyce
the cell membranes and release the contents for extraction from
the dead celle. Phillips (1977} states that ethrlene oxide is
ten times more effective against organisms than methyl bromide.
Although ethylene oxide induced a large P flush from the Inman
Yalley soil, it was less effective than methwyl bromide in
releasing P from the Roseworthy scil. A number of workers have
found ethvlene oxide suitable as a sterilant for soils (Daltan
and Hurwitz, 1942; Clark, 1¥30; Allison, 1%¥312. Hexanol and
f-propiclactone produced flushes of P which exceeded that of
chloroform in both soils. Hexanol has not been widely used as
a bactericidal or fungicidal agent although it is recognised
that the effectiveness of aliphatic alcohols increases with
chain length and reaches a maximum at 5-8 C atoms {Hamil ton,
1$71). Thie trend in effectiveneszs was evident in the data:
aobserved P flushes decreased in the order - hexanol »> propanol
> ethanol. Hedley and Stewart (1982) tested the effectiveness
of pure ethanol and propanol as fungicides in soil and found
them to be lescs effective than chloroform. FE-propiclactone is
highly¥ active against vegetative bacteria, bacterial spores,
fungi and viruses (Hoffman, 1971; Phillips, 197273,

Becauce of their general activity, many of the biocides may
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also react with complex compounds, so that non-micrcbial F
could also be released. The incubation technique using ®=P
labelling was adopted to ascertain which of the biocides was
most effective in releasing microbial F only.

Recoveries of ®2P for the various biocidal treatments in
bath saoils are shown in Figqures 10 and 11. Significant effects
on recovery of ®2P using the different biccides were observed
far both scile, with F values being significant at the 0.1X
level for the Roseworthy soil, and at the IS4 level for the
Inman Yallev so0il. Lower ®2P recoveries fram the Inman VYalleyr
soil than from the Roseworthy soil can be attributed to the
Inman Valley scil having a greater 2P content and finer
texture giving increased icotopic exchange and sorption
respectively. In contrast to the data for ®'P, no large 3=F

flushes occurred when F-propiclactone was used. This suggest

n

that & large proportion of the cbserved 2!F flush came from
sources other than the microbial P. As F-propiclactone

hydral yeee rapidly in water to form hydracrylic acid, a
proportion of the 2P released may have originated in basic
phosphates and been released by dissolution. Ethyliene oxide
and methyl bromide were both less effective than chloroform in
rendering microbial P extractable. Hexanol and chloroform gave
the largest flushes of 22P, with differences between the two
and between vapour and liquid forms being insignificant
{P<0.05y. Liquid chloroform and hexanol were therefore chosen
as the biocidal treatments for evaluation of extracting

agents.
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3.3 Evaluation of extractants and extraction period

Once organiems have been killed it is necessary to extract
and measure the amounts of P which were held within the cells.
However, the extractant must not be so vigorocuese that it will
kill and extract P from organiesms in unfumigated scil. This is
particularly important when long extraction times are used.
Several mild extractants were tecsted, in conjunction with
chlorofarm and hexanol, for their ability to extract P from
killed soil microorganismsz. The effect of the bhiocides and
extractantse on microorganisme grown from soil isolates in

vitro was also investigated.

3.3.1 Materials and methods

Roseworthy and Inman Valley scils were used for thizs study.
To test the ability of waricus extractante to release P from
killed scil organisms in situ, the ==2P labelling technique was
emplored as described previously {(Section 3.2.1). A factaorial
design40f two biocides # zeven extractants was used. The
extractants were 0.3M NaHCOg{pHS.5», 0.1M MNaHCOg(pHE.5), 0.03M
Mz0OH, 0.01M CaClz, 0.05M Hz504, 0.03M MHgaF + 0.1M HCI1 (Bray and
Kurtz, 1945, and distilled water with an anion exchange resin
in the bicarbonate form (Sibbesen, 1977),

The effect of extractant and shaking periocd on the releace
of P from both living and fumigated soil organisms was also
investigated. Scil bacterial populations were cul tured by
adding 1| cm® of a 109 <oil dilution to 750 cm® 0.3¥ TSE
containing 100 mg cycloheximide., UOrganiesme were cultured in

the dark for 3 d at 18<C in unshalken flasks and harvested by
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centrifugatiaon (100009) for 20 min at 4=C. The organisms were
repeatedly washed in dilute saline, and were resuspended before
fumigation andsor extraction. Soil fungal populations were
cultured by adding 1| cm® of a 10! soil dilution to 730 cm®
solution containing (per dm®) &40 mg NaNQz, 330 mg KH=PO4., 1495
mg KC1, 145 mg MgSQ,7Hz0, &.4 mg FeS0,, 145 mg veast extract,
10 g sucrose, 100 mg s=treptomrcin sulphate and 5 mg
tetracycline hydrochloride. Organisms were cultured in the
dark for 3 d at 20=C in unshaken flacsks and harvested by vacuum
filtration through 2.5 Em Nytrel Ti fabric. After being
thoroughly mixed and washed in dilute saline the fungal mat was
blotted dry before fumigation andsor extraction: A factorial
design of 3(treatments)=d(extractantsr*Z{extraction periocds’
was used. The treatments were: unfumigated, chloroform
fumigated, and hexanol fumigated. The extractants were 0.3M
NMaHCOgs tpH .53, 0.1M MNaHCO5 <(pH 8.5), 0.03M MHLF + 0.1M HCI1,
and an anion exchage resin in the bicarbonate form. The
extraction periodse were 20 min and 1& h.

Total P in the bacterial or fungal cellse was determined
after digestion with concentrated nitric and perchloric acids.
A11 other analyses were performed as described previously
{Sections 3F.1.1 and 2.2.17.

A1l treatments were replicated three times.

2.3.2 Results and discus<sian

The amounts of 22P recovered by the different extractants
from Roseworthy and Inman VYalley scils are shown in Figure (2

and 13. Both type of extractant and biccide exerted
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sigrificant effects (P<0.03)> on recovery of ®2P from both
soils. There was a significant interaction between effects due
to biocide and extractant for the Roseworthy soil. Observed
32p flushes using 0.01M CaCl, were small or insignificant.
Williams and Sparling ¢(1984) recently found CaCl, to be a poor
extractant for detecting P flushes from fumigated mineral
soils. Microbial P released by the biocidal treatment could
not be detected in the 0.05M NaQH extracts of either soil or
the 0.05M H250, extracts of the Inman Valley soil. This may
have been due either to poor extraction of P from killed cells
or to too vigorous extraction of P from living organisms in the
control treatments. In view of the strength of these
extractants the latter explanation seems more likely. Sparling
et al, (1985b) found 1M H;S0, to be lethal for bacterial cells,
and the 0.05M H2504 used in this study may have had the same
effect. This extractant also suffered from the disadvantage of
extracting large amounts of non-microbial P (i.e. high control
values) thus decreasing the precision of microbial P
measurement. The extractants 0.03M NH4LF + 0.1M HC1, 0.5M and
0.1M NaHCO, (pH8.5), and HCOx~ resin all gave relatively low
control values and large increases in P extracted on treatment
with chloroform or hexanol. Brookes et al (1982) tested four
extractants for their ability to extract P released from soil
by chloroform vapour, and concluded that 0.5M NaHCOa (pH 8.35)
was the most suitable reagent. Hedley and Stewart (1982) also
recommend 0.5M NaHCOa (pH 8.5), although they used a 1é h
extraction w?th HCOs~ resin (Sibbesen, 1977) prior to the 0.3M
NaHCO; ¢(pH 8.5) extraction. However, the resin extraction

technique has drawbacks as microbial activity



during extraction could decrease the amounts of P removed from

the unfumigated sample, and increase the amounts of microbial P
measured. This could be a significant error in soils which had
recently received inputs of C, due to the stimulated demand for
P and other nutrients.

The effect of biocide, extractant, and shaking period an
release of P from live bacterial and fungal cells is shown in
Tables 11 and 12, daAnalysis aof variance (ANOVAY recsults
indicated all treatments (biocide, extractant and period of
extraction) and interactions to be significant at the 0.01x
level for both bacteria and fungi. @A considerable increase in
~the release of P from ltiving organismes cccurred where longer
shaking periods were used. Increasing the shaking pericd from
20 min to 1& b, for example, increased the recovery of P, from
live fungal cells from 192.2+2.04 to 30.8%x2.54 of total cell P
(using 0.5M WNaHCOg (pH 8.52). Similarly for bacteria the
increase was from 20.9%x8.%74< to S0.7x2.24. The effect of shaking
periaod on extraction of P from dead celis (i.e. hexancl ar
chlaorcoform treated? was insignificant. Published methods for
determining microbial P differ in the length of extractian
reriod used. Hedley and Stewart (1982) found increased damage
to live organisms at longer extraction times but this was
offeet by greater release of P from chlorcoform treated
arganisms and therefore recommended a 16 h extraction period.
Broakes et al ¢1932) found no increase in P flush by extending
the extraction time beyond 30 min. A 30 min extraction was
used for all further investigations because: (a) longer times

increased the damage and extraction of P from live cells;



Bacteria
% Recovery

Extractant Period Control +Hexanol +Chloroform
0.5M NaHCO3 30 min P1 3.39 55.06 61.03
pH 8.5 Pt 20.87 93.36 99.37
16 h Pi 9.55 56.44 63.40
Pt 50.70 92.70 92.93
0.1M NaHCO3 30 min Pi 60.06 20.16
pH 8.5 Pt 3.18 89.99 85.49
16 h Pi 8.93 63.33 34.41
Pt 52.16 88.45 91.31
0.03M_NH4F + 30 min Pi 2.46 73.43 ND
0.1M HC1 Pt 16.36 78.05 ND
16 h Pi 2.37 72.11 ND
Py 15.00 75.07 ND
Bicarbonate 30 min P. 5.54 55.79 58.13
anjon exchange 1
“resin 16 h Pi 3.92 52.69 57.29
SED 3.09

Coefficient of Variation 7.5%

Table 11 Release of P from soil bacteria (expressed as % total cell P) in the
absence of soil as affected by 1) extractant, 2) shaking period,
3) biocide. Values represent the means of three replicates.
ND = not determined. SED = standard error of difference between any
two means.



Fungi
% Recovery

Extractant Period Control +Hexanol +Chloroform
0.5M NaHCO3 30 min Pi 0.99 13.10 27.85
pH 8.5 Pt 19.22 48.16 44,03
16 h Pi 3.20 17.76 28.34
Pt 30.80 53.46 45.43
O.IM_NaHCO3 30 min Pi 3.16 20.14 28.69
pH 8.5 Pt 23.94 50.83 45.53
16 h Pi 6.36 23.51 29.53
Pt 35.75 51.91 49.64
0.03M NH4F + 30 min Pi 1.88 8.93 ND
0.1M HC1 Pt 20.46 27.98 ND
16 h Pi 2.18 9.84 ND
Pt 22.86 32.89 ND
Bicgrbonate 30 min Pi 3.06 15.76 26.54
anion exchange
resin 16 h Pi 6.92 19.01 28.35
SED 1.69

Coefficient of Variation 8.4%

Table 12 Release of P from soil fungi (expressed as % total cell P) in the
absence of soil as affected by 1) extractant, 2) shaking period,
3) biocide. Values represent the means of three replicates.
ND = not determined. SED = standard error of difference between any

two means.
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(b)> longer times increase the background against which
microbial P is measured (Bowman et al, 1978k> ; and (c2? in
freshly sieved field soils there ic a greater risk of microbial
activity (stimulated by sieving? influencing amounts of F
extracted from control {(unfumigated) treatments when longer
extraction time= are used.

The recovery of P from fumigated bacteria was conciderably
greater than from fumigated fungi. With & 30 min extraction
period and hexancl as the fumigant, approximately 04 bacterial

P and S0¥ fungal F was recovered as P, by both 0.1M and 0.3M

n]

NaHCOg4 (pH 2.5). Flushes of P, were considerably greater than
flucshes of P,.

Hexanol produced greater ®2F flushes than chlercform
although the differences were not consistently significant. aAs
chloroform is carcinogenic and requires more care in handling

than hexanal, the latter was chosen as the biccide for all

further investigations.

3.4 Calibration for incomplete recovery of microbhial P

The calculation of a calibration factor (Kg,) is required, as
extraction of microbial P by the fumigation technique is not

camplete.

3.4.1 Materials and methods

Bacterial and fungal populaticons from each soil were

cultured asz previously described (Section 3.3.1». Fresh
bacterial cells were added to soils at a rate of approximately

17 g P g=* =0il and fungal celiz were added at rates varying
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from 40-60 Fq P g=! sail. Preliminary experiments revealed that
incignificant amounts of microbial P were releaced from
unfumigated soil+organisms. The recovery of added microbial P
was therefore calculated from the difference in P recovered
from fumigated scil+organisms and that recovered from fumigated
soil aenly. The four extractants identified in Section 3.3 as

being suitable for recovery of P from soil organisms in situ

1}

were used for ascessing the recovery from soil of added
microbial P. All extractions and analyses were performed as
described previcusly (Section 2.3.1). A factorial design of
2reoils) ¥ df{extractants) was used. All treatments were

replicated three times.

3.4.2 Recsulte and dicscussian

Fercentage recoveriec of added microkial P in the Rosewarthy
and Inman Yalley soils are shown in Table 13. ANOVA results
showed that all treatmente and interactions were significant xt
the 0.1x level for bnéh bacteria and fungi. With the mixed
populations of soil organisms, 0.3M NaHCOz (pH €.5 ) appeared
tco be the maost efficient extractant for recovering added
microbial P, if Fy in the extracts was measured and not FP,.
HCOs~ anion exchange resin gave poor recoveries of added
micraobial P as P,, particularly in the strongly sorbing Inman
Valley soil. P, desorbed and recovered by the resin was
assumed to be negligible, as reported by Hedley et al (1982a0.
The 0.03M NHLF + 0.1M HC) was also efficient in its recovery of
microbial P, with most of the released P being inorganic.

Using CHClg and 0.5SM NaHCO4 (pH 2.5) the recovery of P, and P,
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from bacteria was 34.0%1.6% and &9.9*2.7% recspectively in the
Roseworthy cail, and 4.8*x0% and 49.7+1.4X respectively for the
Inman Yalley sepil. The recovery of P; and P, from fungi using
CHC15 and 0.5M NaHCOs (pH 8.5) was 23.9%0.7% and 34.5%2.1%
respectively in the Roseworthy soil, and 18.0X0.%4 and 21 .6%1.4%
respectively in the Inman Walley soil.

It cshould be noted that Table 13 does not indicate the
baclkground values against which microbial P must be measured
i.e. the amounts of P extracted by the varicus reagents from
unfumigated soil. By considering the amounts of P released
from unfumigated soil, the flush of P released by fumigation
Ifrom z0il microorganisms in situ, the recovery from those grown

in vitra, and the recovery from those grown in vitro and added

to scil, it would appear that both 0.1M and 0.5M NaHCOg; <pH
2.5) are the most suitable reagents for extracting micrabial P
releacsed by fumigation. It was decided to use 0.3M NaHCOs (pH
8.5 as the extractant, as the P, extracted from unfumigated
co0il is & measure of plant available F (Olsen et al, (%3542
widely used in Australia and elsewhere for soil testing
purposes.

The technique adopted in thie study of using mixed
populations of organisms divided broadly into bacterial and
fungal groups differs from previous invecstigations where dead
{1vophilised) organisms (Brookes et al, 1982), or individual
gpecies were chosen (Saggar et al, 1981; Hedley and Stewart,
1982; Strick and Makas, 1984). The microflora of each soil

were stimulated, harvested, and reintroduced to the scil. The

uee of a soil incculum, broad spectrum nutrient media and 1ow
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Bacteria Fungi
Extractant Roseworthy Inman Roseworthy Inman
Valley Valley

Percentage Recovery

0.1 _D_1_NaHCO3 Pi 31.6 £ 1.8 4.4 * 0.3 19.7 £ 3.6 8.1+ 0.3
pH 8.5 Pt 70.5 £ 3.5 66.1 £ 1.4 37.7 £ 6.8 9.5 £ 0.4
0.5 M_NaHCO3 Pi 36.4 £ 1.0 9.2 £ 0.5 32.4 + 4.3 17.6 £ 1.0
pH 8.5 Pt 85.0 £ 3.4 61.8 2.0 48.1 £ 6.1 19.4 + 1.8
HCO; Resin Pi 31.1 £ 0.6 3.9 0.1 20.8 £ 3.0 16.3 £ 1.2
Pt ND ND ND ND
0.03 E_NH4F Pi 76.6 £ 3.0 20.1* 1.0 23.8 £ 0.2 33.5 % 3.0
+ 0.1 M HCL Pt 83.5 £ 2.3 26.2%0.4 34.8 £ 0.8 32.1%2.1

Table 13. Percentage recovery of P from bacterial and fungal populations
added to soils and treated with hexanol. Values are the means
of three replicates * standard deviation and are not corrected

for sorption. ND = not determined.



_81.—.

incubation temperatures encouraqged & variety of organisms to
flourish. For example, the bacteria harvested from the
Foseworthy =s0il culture contained a mixture of both gram
positive and gram negative rods and cocci. The fungi
stimulated were identified as being predominantly Mucor and

Penicillium spp. The proportions of each species in the

population were unknown and it is assumed that the microbial
papulation responded (qualitatively) in each soil as it would
do in the field after inputs of nutriente such as plant
residues or substrates released on rewetting dry soil. This is
a more realicstic approach than one which produces Kg values
obtained from one or two species only or from arithmetic means
of a large number of species, many of which may not be precent
in the scil in questicon. A disadvantage is that organisms from
each =soil must be cultured, and a separate Ky determined for
each =coil.

In calculating an aoverall K, factor, a problem can
arise from partition of saoil organisms into bacterial and
fungal groups. If recovery of P from the two qgroups is
significantly different, as found with the =socils used in this
study, account must be taken of the relative contribution of
each group to the total biomass. It is generally agreed that
tungi are the dominant group in most soils in terms of total
biomass (Clark and Paul, 1270}, Howewver, ratios of fungal to
bacterial bicmase (F:C ratios? can vary with both soil type and
season (Clark and Paul, 19270; Shields et al, 1973; Faegri et

1, 1977y, WValuese ranging from 1:1 to 11:1 have been reported.

Generally F:C ratios are approximately 2:1 or 3:1 (Clark and
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Paul, 1970; Anderson and Domsch, 1975), with arable soils
having slightly higherF:C ratios than pasture or grassland
soils (A. West - personal communication). The F:C ratios used
for calculation of K, factors were 3:1 for the Rosewarthy soil
and 2:1 for the Inman YValley ;oi] and the K, factors thus
obtained for the Ruseworthy/;nd Inman Yalley soils were 0.57

and 0.33 respectively.

2.5 Ccrrection for csorption of releacsed P

The K, factors determined above included a correction for
csaorption of released P, and F,. Sorption of Py and Ps released

from microbial cells by fumigation will decrease the recovery

e

1%

@

of Py, and P by the extracting sclution. Brookes et al

2,
1784 maintained that a large proportion (>804) of the P,
released is P,, and recommended that a correcticn be made for
P, sorbed. They maintained that the degree of sarption of F,
from the 0.9M MaHCQ5; sclution was independant of F
concentration in the sclution i.e. the scrption isotherm was
linear. Thue P, zorbed could be assessed from the recovery of
zsingle addition of P, added to the unfumigated =scil before
extraction. Hedley and Stewart (1982) recommended that a
correction for sorption of bath P, and F. be included in the
Kp factor, which must then be determined separately for each
soil. A study was therefore undertaken to determine the most

effective method of correcting for sorption of released P.

3.9.1 Materials and methads

Three methods to correct for sorption of released P, were



tested. In the first, a "spike" of 20 lg P 7! =0il was added
to the soil immediately before extraction with 0.3M NaHCOs, and
the percentage recovery of added P determined (Brookes et at,
1982>. In the second, & range of P additions (0.2 - 20.0 Hg P
gQ~! scil) was used and a sorption isotherm constructed. In the
third method, 10 kBq ®2P both with and without carrier 3*F (0.2
Fg cm™=) were added to 0.5M MaHCOg; suspencsions and labile 3'F,
(solid+salutiony calculated (Talibudeen, 1957). To minimise
microbial uptake of P in unfumigated soils a 2 h shaking period
was used with the i=zotope being added 1 h after shaking began.
Appropriate controls were prepared to correct for possible
sorpticon aof 2P ta the plastic bottles, funnels and +filter
papers when 22F was used without carrier 3P, A& 30 min
extraction periocd was used for the experiments measuring
recovery of added 2'F. @Ac microbial P is measured against &
baclground of unfumigated =oil, only unfumigated so0il was used
for this study. @& =soil:solution ratic of 1:20 was used
throughout. @11 other analyses were performed as described

previously (Section 3.2.1).

3.9.2 Recsults and discussion

Attempts to correct for sorption of releacsed ®'FP, using 22F
dilution were unsuccessful. At the short equilibration times
ueed (1 hd, ®2P, was found to have a greater atfinity for the
zorbing surface than ®'P,. This was evidenced by cqverecstimates
of labile 3P, using measured recoveries of added =P,
standards. For example, the recovery of & "spike" of 20 Kg P

g~! soil added to the Inman wvalley soil calculated by the
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isotope dilution equation was 113.9%. Thics may be due to ==2F
being initially held at a higher zpecific activity on the solid
surfaces and not in equilibrium with the surrounding solution
as discussed by UWhite (1974>. Longer equilibration times could
not be used because of the rick of micrabial uptake of 22P in
unfumigated <soils leading to overestimates of labile 3P, and
hence overestimates of micraobial P.

There was no significant advantage in caonstructing a
sorpticn isotherm to correct for sorbed ®'F, in these <soils,.
The relationships between P added and P recovered for the

Fozeworthy and Inman Valley soile were found to be linear.

Y = 1.2234(X—-4.45) + 7.95 FZ o= 0.,7P9%%% Rooouorths
Y = 1.715(X-32,.72 + &.80 2 = 0.979%%** Inman valley
where ¥ = P added, X = P recovered and *** denotes significance

at the 0.1¥ level.

In scilse where a large proportion of the released Fe is in
organic forme, as found in this study, this correction can be
regarded only &= a minimum value. Sorption of P, depends on
the amounts and nature of the organic compounds which
themeelves can be expected to wary depending on the microbial
population present in each scil. Sorpticon of released P, can
best be accomplished by including this unknown intoc the
praoportional recovery factor (K.} as suggested by Hedler and
Stewart (1982). As each soil must be calibrated for Kg, this

causes no extra inconvenience.



3.6 Releacse of P from coil P, by fumigation

As fumigation might alter the extractability of
nan-microbial P, from =cil, this aspect was investigated.

e pointed cut by Brookes et al (1982), the effect of Ps
compounds in scil on measurement of microbial P cannot be
cimply ewaluated by studyring the effect of fumigation on
particular P, compounds, as a large proportion of the Pg

compaunds in scile have yet to be identified. Indirect

approaches are therefore necessary.

2.4.1 Materials and methaods

Roseworthy, Inman Jaller and a third =soil from Mallala,
South Australia (Table 18, page 77) were uszed. The soils were
wetted to —-4& kPa and incubated for 14 d at 20°C. The soils (3
g samples! were then sealed in air-tight containers and sent as
surface freight to Melbourne. Half of the scoils were
sterilised by ¥—irradiation from a <°Co source (90 kGy), before
all the soils were returned to Adelaide. Total time in transit
was 7 d for both sterilised and non-csterilised soils. The
soils were then extracted with 0.5M MaHCOz, or fumigated with
hexanal or chloroform, and extracted, except that the
suspenzions were treated to a mild ultrasonic dispersion (73 W,
40 s) bhefore extraction. All other analyses were performed as

described previcusly (Section 2.1.12.

2.6,

ta

Results and discus<sion

Fecavery of P, from the three soils when hexanol was used as

the fumigant are chown in Table 14. The results for
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chlarcfarm—fumigated scils were similar (data not presented).
Hexanol caused a significant increase in the extraction of P,
from ¥Y-irradiated soil only in the Inman Valley soil.

s discussed by Brookes et al (1%982) amounts of P, extracted
from ¥-irradiated soils mar increase because (a) fumigation
solubilises nen-microbial P, ar ¢(b) ¥Y-irradiation does not
effect the complete ly¥sis of soil organiems. Brookes et al
(1782 argue that (b is the more likely explanation, as
¥Y—-irradiation kille cells by damaging their DNA but leaves their

cellular structure intact. Indeed, seven y¥ears earlier Labeda

t 1 ¢1975) directly aobszerved the fine structure of

Y—irradiated soil microorganisms in situ, and found that

¥-irradiation did not alter cell structure. Fumigation with

chlarafaorm, on the other thand, has recently besn shown to

Table 14. amounts of 2P, extracted from ¥-irradiated and<or
fumigated =oils.

Soil Treatments F. Fe flush
F—irradiatiaon Hexanol g g=t <soil
Rocsewor thy - - 4.4 =
- + 7.9 2.3*
+ . ) 2.0
+ + 5.0 2.4
Inman - - 146.8
Ualley = + z23.2 &.4=
+ - z24.4 7.Em
+ + 29.2 2.4%
Mallala - - 13.¢ -
- + 24.0 ig.1=
+ — Z22.4 g.5=
+ + 24.3 10.4=

Within soils, values in a calumn followed by different letters
are significantly different at the 5¥ level (P £ 0.03).



cause complete lyeis of microbial celle in soil (Martin and
Faster, 1985). Thus it might be expected that fumigation would
release P from ¥Y-irradiated soils by completing the ly¥sis of the
microorganisms. It was assumed that the mild uitrasonic
dispersion of the soil suspensicns would disrupt cell membranes
in organiems killed by Y-radiation, yet leave intact the
membranes of organisme in unsterilised unfumigated soils. If
thie assumption i= correct, it iz wrong to assume that the
flush of P on fumigation of the Inman VYalley soil came
exclusively from the scil biomass. However, fumigation of
autocltaved soil did not increase the amounts of P extracted
(data not shown?). @Autoclaving of soil ise known to disrupt
microbial cells totally {(Labeda et al, 197%). Air dryving has
alsoc recently been shown to cause death of & large proportion
aof the so0il biomass as measured by substrate induced

respiration (Sparling €t al, 1983b2. Sparling

et a1, (1¥85k)
also found good agreement between amounts of P, released by air
drring, and amounts of P present in the biomases before air

drr»ing as determined by fumigaticon. ®More recently Spier et al,

(198482 <howed that the amount of P, released by fumigation of
coil exposed to microwave radiation (2450 MHzY, decreased with
increasing time of exposure, until no significant increase was
observed on fumigation after S0 = or more exposure to microwawve
radiation. The decrease in flush of P due to fumigation was
closely related to decreases in microbial C determined by
substrate induced respiration and numbers of organisms

determined by plate counting. Thus it appears that fumigation,

air drying, autoclaving, and microwave irradiation all cause



release of P from the same soil component. It seems unlikely
that this socurce of P is anything other than the microorganisms

in soil.

2.7 Release of P from plant material by fumiqgation

Birch (1941) was the first to recognise that fumigation
could affect the extractability of P from living plant
material. Hence if plant roots or (fresh residues) are present
in & soil sample, errors in the determination of microbial F
could result. éAs later experiments were to investigate changes
in microbial! P in scils which had recently received inputs of
plant material {(Chapters S and 4>, the extent to which plant
material might affect the values aobtained for micobial P was

investigated.

3.7.1 Materials and methods

Wheat seedlings were grown in & culture solution based on
that of Jochnzon gt al (1?57) - Flate 1b, p=ge 144. The
solution supplied M (1& mmoly, P <200 Hmol>, K (&.0&8 mmallr, Ca
(4 mmal), Mg ¢1 mmal), S <1 mmel? and &11 ecsential
micronutrients. Continucus stirring was effected through
aeration, and sclution pH was adjusted daily to 4.0 with
CatOH)=z. 2=2P-labelled plant material was obtained by adding
925 kBqg carrier free ®2P dm—=® to the sclution at the start of
the growth period to give a specific activity of 14% MBg 3=2P
g~* ®1pP, Plants were grown at a constant 18<C.

Phaotosynthetically active radiation (PARY was S00 Emol quanta

m—2 -1 faor 15 h dar~!, and relative humidity was 734 (day)> and
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20% (night). The plants were harvested after 21 d growth.

after harvest, plants were ceparated into roots and shoots.
The shoot material was cut intoc 15 mm lengths, washed with
water for 5 min and blotted dry. The fresh material was either
fumigated according to the method of Brockes et al (1982, or
added ta S g samples of field moist =il (Treatment 2, Section
3.1) at a rate of 20 mg g~*! soil before fumigation. When this
procedure was uced for roots, the variability was large.
dccordingly, individual intact fresh roots were counted with
the roots suspended in deicnised water {Martin and Cunningham,
1972y. This method measured #0.1%4.3% of the total root 2P
determined by normal wet digestion procedures. Thus the exact’
amount of ®2P in each zection of roct was known. Immediately
after ®2F determination the portion of intact roct was

fumigated or added to soil and fumigated as described above.

To determine the effect of drring, separate portions of

[\
L

32p-labelled rooct and shoot material were dried at 50°C for
h before being treated as described above for fresh shoots.
The rates of addition were 2 mg dry shoot, or 1 mg dry root
g~! sail. These experiments were conducted with chloroform as
the fumigant: later worlk showed that hexanaol behaved
identically.

Flant materials and amended soils were extracted for 30 min

or 16 h as described previously (Section 3.1.1).

3.7.2 Results and discussion

Fumigation increased 0.5M NaHCO5; extractable P from both



fresh shoot and fresh root material regardless of the
extraction period used (Table 152. The absence af any release
of P from fumigated shoots using the 30 min extraction pericad
appeared to be due to the hydrophobic nature of the plant
cuticle, which prevented the extractant from effectively
penetrating the tissue. Longer extraction times seemed to
cvercome the problem, ac the plant tissue was fully "wetted"
after the 18 h extraction. Extending the extraction time from
30 min to 14 h caused a large increase in the amount of F
extracted from fresh unfumigated rocts, probably due to damage

and rupture of cells. These results agree with those of

—_—

Sparling et a

(1985a), who recently demonstrated that the
presence of plant rootse can interfere with the determination of
microbial P and ATP. Martin and Foster (1%785) uszed electron
microscopy to provide visual evidence of damage tc root cells.
For field soils, the errors arising from the presence of plant
material are large encugh to cause concern. Published values
far rocting densities under crops and foreste wvary from 0.1 to
Table 15. Effect of time on extraction of 2P by 0.5M MaHCOp X
tatal plant P2 from fumigated (CHCl1g) and unfumigated

freshly cut plant materials. Standard deviation of
mean values in parentheses,

Material Treatment Extraction periad
30 min 1& h
Roats Unfumigated 28.1403.2) &9 .5C8.92
Fumigated &4.6(9.3) 89.2¢1.47
Shoots Unfumigated acao £.3C01 .42
Fumigated 18.0(S.1> 82.0:¢5.2)
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12.0 mg dry root g=! scil (Lupton et al, 19274; Lynch and
Panting, 1980, but generally the values fall within the range
0.2 te 2.0 mg root g=* scoil (Troughton, 1757; Persson, 1983).
Assuming that plant roots contain 0.14 P, the upper 1imit for
raoot—bound P in scils would be approximately 10 Kg P g—! soil.
If we assume that a maximum of 40X of this is released by
fumigation, then 4 g P g=! soil would be the maximum error
invalved. Published values of total P in scil biomass wary
from S to 100 Kg P g=* soil (Perrott and Sarathchandra, 1982;
Ercales 2t a1, 1784), which equates with 2 to 40 Kg P g=*!' =oil
for P released by fumigation {(assuming & K, factor of 0.4). If
F released by fumigation from microorganisms and plants is
corbed to the same extent during extraction, then significant
errars in measured values of microbial P are likely in some
gaile if plant material i= included in the sample.

In the experiment using ®2P-labelled plant materials, drxing
increased the P extractability of unfumigated materials., @Al
shoot 22F and two-thirds shoot 32P was extractable follawing
the drying treatment (Tabls 1&). Recovery of 22P fecaom freszh

k.

plant materials wae slightly different from that ohisined in

il

the previous experiment using unlabelled materials. Recovery
of 2P from fresh roots was significantly higher than ==2F
recovery for both fumigated and unfumigated treatments. This
may have been due to the roots having been left intact for the
experiment with ®2F-labelled materials. There i alsc the
possibility that the plant material was not uniformly labelled

with ®2F. Nevertheless the effect of fumigation on increasing
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Table 14. Effect of drving on extraction of 22F by 0.3M NaHCO4
{pH 8.5) (X total plant 22P) from fumigated <CHCIx?
and unfumigated plant materials. A 1é h extraction
period was used.

Material
Treatment = =  ———————————————ee e
Frezh root Fresh shoot Dried root Dried shoot

(intact? (cut? {cut? fcuth
Unfumigated 48 .7¢2.2) Z4.9(5.37 &4.3¢4.22 102.4¢7 .32
Fumigated 41 .203.22 87.7(2.22 &1.8C048.1) 108.4<8.3

the recovery of P from fresh plant material was consistent for
both experiments. Fumigation had no significant effect on the
release of P from dried plant materials. This result agrees
with those of Martin and Cunningham (1972) who found
deziccation to be the major factor influencing the water
calubility of P in plant roots. Their results indicated
approximately S0¥ root F became water extractable on drring.
Similarly, Bromfield and Jaones (1972) found water soluble F in
shoote to be up to 20¥ of the total P in "haved-off" pasture
species. As 0.5 NaHCO4 is a slightly stronger extractant than
water, especially for labile organic P compounds, 0.3M NaHCO5
would be expected to extract more P than water.

FRecently Sparling et al (19?85a) cbserved that the
interference of plant roocte on measured values of microbial F
could be minimized by subjecting the scil to a 7 d incubation
before fumigation. However, this is likely¥ to alter the values
cbtained for microbial P a= the organisme may respond during

the incubation period both gualitatively and quantitatively to

soil disturbance during =zampling and sieving. To test if
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incubation of freshly sampled scil before fumigation affected
the values obtained for microbial P, Mallala scil was fumigated
and extracted at vary¥ing times after sampling. The soil was
stored moist over soda lime in large sealed containers at z20°C.
Results are presented in Table 17. Significantly lower values
were obtained for hexanol-released Py when the scil samples
were incubated prior to fumigation. This result agrees with
that of West =1t &) (172&), who found that incubation of soils
altered measured values of scil respiration and biomass C, N, F
and &TF contents. Thece workers altered the water potential of
the =o0il before incubation. By incubating the scil at its
field water potential and at 20°C (field scil temperature at 30
mm at sampling was 14°C), it was hoped that the effect of
pre—~incubation would be minimised. Howewer, it appears that
the =0il must be fumigated and extracted immediately after

to reflect

m

sampling if the vwalues cobtained for microbkial P oar
those which pertain in the field at the time of sampling.
-The dry¥ing., grinding and pre—incubaticon of =0il before
measurement of microbial P, as recommended by Hedleyr and
Stewart (1782), will overcome errors associated with
Table 17. Effect of pre-incubation on the measured t+lush of
1P, caused by fumigation of the Mallala soil.

Standard error af mean difference shown in
parentheses.

Time of incubation Fe flush
(d::' }_‘.g g_l

1] 10.1c0.32)

12 &.9C0,27

27 F.A(0,.30
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inclusion of plant material in the sample, but leads to changes
in measured values of microbial F {(Secticon 3.1). aAlthough
extending the extraction period decreases the error due to root
material, it increases the error due to shoot material included
in the sample. Extending the extraction pericd to 1é h is also
not recommended for the reasons previously noted in Section
3.2. Physical removal of plant material before fumigation is
the preferred option. The magnitude of errcors will then depend
on the efficiency with which plant material can be removed from
the sample before fumigation. DObvicusly, the greater the

land

1]

amount of fine root material in the szample, as in gras

soils, the greater will be the potential error.

3.8 Efficiency of handpicking to remove roct materisl

Pot and field experiments with the Mallala soil were
undertalken to investigate changes in microbial P as a result of
the addition of fertiliser and plant residues (Chapters 5 and
&Y. The efficiency of handpicking as a method of removing the

interference of root material in the determination of microbial

P was therefore investigated.

3.8.1 Materials and methods

®2p-label led wheat roots were obtained as described
previouzly (Section 2.72. Fresh °2P-labelled wheat racte (470
mg) were intimately mixed with a weight of freshly campled
Mallaia soil equivalent to 100 g oven-dry weight. The

soil+roots was then sieved (<2 mm» and the roots picked out.

Subsamples were then extracted directly, or fumigated and
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extracted as dezcribed previously in Section 3.7.

2.8.72 Recsulte and discussion

Sieving and handpicking to remove roots from the soil
eliminated errors associated with the inclusion of rcot
material in the sample. The percentage recovery of 22P from
unfumigated soil ¢1.7+0.8%) was not significantly different from
the recavery of ®2P from fumigated soil (2.2%0.&4). However, it
should be remembered that organiems colaonising the rhizaplane
itself, e.q. endo— and ectotrophic mycorrhiza as well as
populations of bacteria, will be removed by this treatment.
ﬁlso; the labelled roots were added to =soil and not grown in
citu. Thue none of the labelied root material had penetrated
aggregates less than 2 mm diameter which would normally contain

(after sieving) root material impossible to remove by hand.

3.2 Summary and conclusions

From & wide range of biccides and extractants hexanol, in
conjunction with 0.5M MaHCOs (pH 8.5), was selected as the most
effective combination for extracting microbial P from scils. A
20 min extraction period was chosen. 5Storage of moist soil or
alteration of the sail water potential pricor to fumigation had
a large effect on measured values of microbial P. Calibration
of each =scil due to incomplete recavery of microbial F is
recommended. The interference of plant material is best
avoided by physical removal of the material from the sample
pricor to fumigation, but the efficiency with which this can be

achieved must first be ascertained for the sy¥stem under study.



CHAPTER 4

TRANSFORMATIONS AND MOVEMENT OF P IN THE RHIZOSPHERE

4.1 Introduction

fic bacteria and fungi are 20 to S0 times more abundant in
the rhizosphere than in bulk soil (Newman, 1278; Rovira, 19792,
and as rocts withdraw P from the scil scolution and may also
exude or leak P back into the soil (Federowski, 1958; Emmert,
195%; Woode and Brock, 19443 Harricon, 1978), the rhizosphere
ic a key site for P transformatione. Plants have a large
influence an reactionz taking place through uptake of P from
the soil sclution, and the stimulation of microbial actiwvity in
the vicinity of the rootes (Blair and Boland, 1%78; Helal and
Sauerbeck, 17843,

& limitation of the fumigation technique for measuring
microbkial P in soils containing actively growing plants is
interference of live root material (Chapter 2). While the bulk
of the roots can be removed by hand, there remains an undefined
amount of fine root which may lead to cverestimates of
microbial P,

This chapter describes & technique to measure movement of P
both intoc and out of plant roots, and the formz of F in =oil,
including microbial F, assaciated with them. The technique
ensures that scil sampled from the rhizosphere is entirely free

from live roct material.

4.2 Materials and methads

% ~-1abelled wheat plantse were grown in thin layers of scoil

treated with ®2P-lakelled fertiliser. Roots were separated



from the scil by growing them within porous membrane envelopes
{Brown and Anwar-Ul-Haq, 1984 centrally located in scil in
perspex boxes measuring 125 mm * 130 mm * & mm (Figure 14 and
Plate 1c, page 144). The membrane material was polyamide. It
had apertures of S MBm: thus the root system, including rooct
hairs, was entirely confined within the envelope. Howeuver ,
water and nutrients were free to move across the membrane.
Growth of plants in the membrane envelopes was similar ta that
of plants with unconfined roots (Plate 1d, page 1&40. Each box
contained 120 g (oven-dry equivalent) of air dry, sieved (<2
mm) soil (0-100 mm larer) amended with 22P-labelled fertiliser
£28.5 mo@'F kg~!, 2.84 MBQ®2F kg~!'). The Mallala sail was used

for thie study (Table 183,

Table 18, Description of Mallala soil.

Sand D ol
Sitt O 24
Clay (30 Z
wa 150 8.z
Gravimetric water
cantent (1) at —-&&8 kPa 23.8
Organic C (¥ 1.50
Organic M ¥ .17
Land Use Cultivated
wheat/pasture
Sail clazesification{USDA? Calcixerollic xerochrept

éfter the coil was incubated for 7 d at 20°C and -44 kPa water
potential, germinated wheat seeds were planted within the
membrane envelope. The seedlings were labelled with ®%F
{carrier free) by foliar application at 2 and 13 d after
planting, and by injection inta the stem at 1% and 21 d toc give

a total application of 250 kBg ®@P plant—?! at harvest. Soil
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%3p labelled tos)s
(by injection

. 3 B

5um diameter e
pore membrane Sl
Wi 2

3*p labelled roots g |
(by translocation) "‘\\“
e\

32 i
P labelled soil | ;&[]
| e

Figure 14. Design of perspex box and membrane technique
used.



water potential was adjusted to -éé kPa daily. FPlants were
grown for 22 d at 20°C {day), 15°C <(night), PAR was 500 #mol
quanta m—2 =~* for 15 h day~t, and relative humidity was &0«
(dayr and ?0¥ (night).

The plants were harvested by dismantling the perspex boxes
and removing the intact membrane envelope from the scil. The
moist so0il was fractionated without drying. After being soaked
in deioniced water for 2-2 min the soil-free root system was
peeled away from the envelope. Plants were separated into
roots and tope, and weights were determined after the material
was dried for 48 h at 70°C. émountse of 3P, 2P and ®*%F in the
plant materials were determined after wet digestion with nitric
and perchloric acids.

Tope of plants were harvested from a second seriesz of boxes
and the box (including seoil and intact roots) was then dried at
S0°C for 4% h. The soil and roots were rewetted to -54 kPa
water potential, and incubated at Z0=C for 48 h. This
treatment is subsequently referred to as the dried/rewetted
treatment. Each treatment was replicated six times.

Duplicate subsamples of soil from each box were fractionated
according to a modification of the method of Hedley et ail
(1982a). Microbial P was determined as described previously
{Section 2.7). A K, of 0.4 was obtained for the scil using
mixed populaticns of <oil organiesms as described in Section
Z.4. Suspencions were centrifuged for 10 min at EDIDg before
filtration {khatman MNo,d42). The amount of extract remaining iIn
the recidue was determined gravimetrically after each step in

the procedure.
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The 0.1M NaOH extracts were acidified to flocculate organic
materiale. Tatal 21p (31p.) in the extracts was determined
after digestion with perchlaoric acid (Brookes and Powlson,
178172,

The amcunts of 22F and 22P were determined by liquid
scintillation counting using the external standard channels
ratic method (L Annunziata, 1972, The 0.1M NalH extracts were
gither acidified or digested prior to counting to minimise
chemiluminescence. A1l counts were corrected for quenching and

decay and converted to Bq.

4.2 Recsulte and discussicon

4.3.1 P fluz from plant roots

# significant proportion of the 3P applied to the plant
tops was translocated to the root system (Table 12>. 0Of the
23F translocated to the roots, 0.94 to 4.7 was recovered in
the =zoil. -0Of the ®®F recovered fraom the scil, the greatest
proportion (42.0%5.84) was found in the fumigated /NaHCOs
fracticon; the rest was recovered in the HC1 fraction.

In =tudies of root exudation, sclution culture has generally
been used to facilitate sampling and analysis (Rovira, 1?6%).
Reports of loss of P by roote (other than by translocation to
the shoote) have also been confined mainly to qualitative
studies of laosses to aqueous media (Akhromeiko and Shestakova,
1958; Emmert, 1959; Rovira and Bowen, 1?70; Smith, 19762, and
to the use of plants with excised tops (Woods and Brock, 1944).
Ritz and Mewman (19852 showed indirectly that loss of 32ZF by

both intact and dyring roots of pasture plants may be
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Table 19. Distribution of 22F and ®®P at harvest (before
dr¥ing/rewetting). WYaluecs are the means of six
replicates (standard deviation of mean values in
parentheces).

=g 33F
Sail “8g.0¢1.2) Co.7¢0.a)
Taop Z.400.9) F1L.504.7)
Root 4,4¢0.3) 27.808.%2
Total 100.0 too.0
Microbial biomass 14.1¢1.82 Q.1¢0.12

cansiderable (as chown by 2=2F uptake of adjiacent plantso.
Mewman and Ritz {(192&) recently showed that mycorrhizas are
unimportant in facilitating the transfer of 22P between plants.
Fedorovski (1%38) used a split root technigue with maize - ane
half of the root system was supplied with ®2P-labelled
fertilicer — and found that 10 to 23¥ of the ¥2P taken up was
exuded into the scil containing unlabelled fertiliser.
However, lose of ®'F by living roots cannot be readily
calculated from the lose of radicisctope, as= an unknown
proportion of any measured loss of radicicsctope will ke due to
isctapic exchange (lWeigl, 1948 rather than net laoss from the
rocot. It seems likely that any inorganic 3P Jleaking from a
root would be quickly reutilised by the root, and would not
diffuse away against the concentration gradient which uvsually

prevails in soil around active roots., Thus, any movement of



B1P away from active roots is likely to be confined to that
contained in caomplex organic compounds in root exudates. There
iz the possibility that P may be lost through the extension of
mycorrhizal fungi away from the roots, although the short
period of growth used here makes this unlikely in this
experiment. If mycorrhiza had caused significant amounts of P
tc move away from the root, significant amounte of ®%F would
then have been detected in the soil biomass. In this study, the
measured loss of 2®2F by living wheat roots was small and the
isotope lost was found predominantly in the MNaHCOz extract.

The difference between amcuntsz of 23F recovered from the
unfumigated and fumigated soils wasz insignificant, so it can be
assumed that mycorrhizal transport of P away from the roots in
thise study was insignificant. This suggests that most of the
B33P loss was due to isotopic exchange and that loss of P by the
raots to scil throogh exudation was negligible. Any P in
inditfusible exudates would have remained close to the root or
inner surface of the membrane, and would heave been included in
roct P. Hence lossez of P from unrestricted roots might hbe

reater than encountered with the techniaue vsed here.

in]

The specific activity of 23F in the NaHCOp; extract of
unfumigated saoil ¢(1.04 Bg 2%F HKg~! =1P) was significantly (P <
0.001 greater than the MNaHCOz; extract of fumigated soil (0.77
Bq ®*=F fg—! =1pP:. The proporticn of 2®2®P reccovered in the
microbial biomass was insignificant. This indicates that most
aof the F in the microbial biomass coriginated from the scil, and
was not derived from P being exuded from, or leaking from, the

roots.



4.2.2 Distribution of 32P activity

Recovery of ®2F bw the so0il fracticnation procedure emplored
was 101 .4x5.3% of total soil 22P. The latter was determined by
perchloric acid digestion aof the unplanted coil and represented
102.3%3.8% of ®2P added. 0Of the 22P labelled tertiliser
applied, 7.4¥% was recovered in plant tops, 4.64 in plant roots
and 14.1 in the microbial biomass (Ko = 0.40) (Table 7).

Care must be taken in interpreting the resultes of ==2P
distribution, as 22P activity is affected both by izctopic
exchange, and by biclogical and chemica) processes in the soil.
Al of the 2P and 22F in ®2P-labelled fertiliszer would
initially be present in water scluble form and hence
extractable with MaHCOgs solution. However 3P would become
adsorbed to surfaces and precipitated as complex salid phases.
®2F would undergo similar reactions and would alseo exchange
with soil ®'F, These reactions would be most rapid in the
tfirst few dars after initial soil-fertiliser contact (Russell
et al, 1¥54). A= isotopic exchange can occur with =zoil
tfractions which are not plant available (Machold, 19422, the
proportion of fertilicser 2'F entering the pltant will be
underesztimated by 22F data (Russell et al, 1954r. Thus the
above mentioned values of 12.04 and 14.1% for fertiliser 22P
entering the plant and microbial biomass respectivel» indicate
the minimum amount of fertiliser ®!F entering these pools. The
value obtained for the proportion of 22P Jabelled fertilizer
tound in the microbial biomass depends on the value of the

catibration factor (Kg?. Ewen allowing for some error in the



Ko value because organisme grown in vitro have to be used in
its determination {Section 3.4, it is clear that a
concsiderable proportion of the applied ®2P was incorporated
into the biomass. If it is assumed that the microbial biomass
does not have access ta scil P which is isctopically
exchangeable but not available to plante (e.g. ®'P held within
cr¥stalline zolids or in fissures in crystal lattices (Russell
t al, 1954y, then the biomass and plants were equally

effective in obtaining P from the applied fertiliser. These

P

results support the hypotheszis of Hedley et al (1982a) that the
microbial biomass is a major component and driving force of P

cycling in soil

n

In thie experiment the microbkial biomass
represented only S5.4¥0.7% of the total P in the sy¥s=tem, ret
plaved & major role in the accumulation of fertiliser F. The
results agree with those of Helal and Sauverbeck (1784), who
noted an increase in the specitic activity of organic P
fractions close to roots growing in 22P-labelled scil. Theyr
zuggested this may be due to an increase in microbial P, or to
an enhanced extractability of P, compounds. The results
presented above lend support to the hypothesis that the
microbial biomase associated with roots iz effective in
accumulating fertiliser F. Brookes et al (1¢34) have shown
that a substantial quantity of P may be held in the biomass of
both arable and pasture scile. From a knowledge of the
turnover of microbial C in the soils studied, ther were able to
ectimate the turnover of microbial P in the soils. They

ectimated fluxes of 2.2 to 40 kg ha—! wear~—'; the higher rates

were asscciated with pasture soils. From Table 1%, it can be



- 145 -

ceen that the biomass assimilated approximately 144 of the
applied fertiliser P. This equates to an uptake of about 7 kg
F ha—-! over the 22 d growth pericd. If this uptake is extended
to the vegetative growth period of wheat (&0-80 d>», the flux of
F through the bicmass is approximately 25 kg ha—* year—!', The
figures cbtained above relate to rhizosphere sail only, and
were obtained under favourable conditions in a growth chamber.
Less fertiliser P would be expected to pass through the biomass

in the field.

4.3.2 P distributicn following & drvingsrewetting crcle

&= the P content of the roots in each box Jjust prior to
drvinasrewetting could not be measured, it was calculated from
a knowledge of the P content of the tops and the mean roots top
ratic for P in the zoilse analvsed before drring/rewetting.

IProoe = ‘Peop ~ R
where R = mean “FPeep ¢ *Frooe before drying/rewetting, and j =
atomic weight (31, 32 or 33). The percentage of root F lost to
the soil was calculated as follows:

Yloss = (1-(9P - poecramainings # Proctccarcuraceas 77 ¥ 100

= expected from the the results of Martin and Cunningham

I

(1972, the drving/rewetting treatment after harvecst of the
tops caused considerable movement of F (&7 .824.34) out of the
roote and into =soil fractions, as evidenced by root 3'P data.
Similar recults were cobtained from ®2P data. However
calculations from ®3F data cshowed that 81.2+4.2 rcoot P moved

out of the roots, indicating that rcocot 2!'P was not uniformly
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Table 20. Concentrations of ®®F in soil before and atfter a
drving/wetting treatment. (M = before
drying/rewetting, D = dried-wetted?

M D LSD

(P<0.05>
0w nancon is.aa 1es.7 17.0
Hexanol released 0.35M MNaHCOs 2.2 -4.1 22.7
0.1M MNaOH a 127.1 21.5
Sonicates0.1M MaDH 1] 12.5 1.8
1.0M HCI 1z2.2 5.0 10.4&
Fesidual a a a

labelled with ®2F, The concentraticons of ®2P in all scil P
fractions were significantly higher after drring/rewetting. In
the soile which had been dried and rewetted, the amounts of =®3F
in the fumigated NaHCO; extracts were slightly smaller than the
amounts in the unfumigated extracts, and gave rise to the
negative value in Table 20. The difference in aip
concentration due toc fumigation was not significant howewver.

0f the 2P released by the roots, the largest percentage (430
was found in the unfumigated MaHCOL extract. Although large
and rapid increases in microbial activity accompany rewetting
of soil, no incorporation of rcoot derived P into the biomass
was obcerved ¢(i.e. no 23P was detected in the biomassy. The
microbial P content of the soil follawing drying /rewetting was
7.1%4.1 Bg P g~*! soil compared to 22.9+2.5 Vg P g™* before
dr¥ing/rewetting.

Diztribution of ®'F and specific activity of 2P in the soil



Table 21. Distribution of =P faollawing a drying/wetting
treatment (M = before drying/rewetting, D =
dried-wetted).

Extractant hg g—*

" esp, sip,

Moo 0 Mo 3
0.5M NaHCOa  14.5  23.4%e= 18,6  25.9%=
Hexanol releaced 0.5M MaHCOg»== 8.1 1. 2%%n ?.2 2.gune
0.1M NaCH 33.46 33.2r= 74.8 72.3%
Sonicates0.1M MalOH 4.4 F. T ?.7 B.am~
1.0M HCI nd nd 8.2 111.&=~
Residual nd nd 201.2 2Z215.1~=
gy W, #*=* denotes cignificance at the 5, 1 and 0.1 level, n=s
= not significant, nd = not determined.

Table 22. Specific activity of =®2P following a drring/wetting
trextment (M = before drringsrewetting, D = dried”

wetted).
Extractant Bg==F Kg—t =1p
o o Lsp
(P<0. 050
0.5M NaHCOn  s.&7  4.72 0.8
Hexanol released 0.30M NaHCOg =.85 32.al 151>
0.1 MaCH 4.14 2.50 0.13
Sonicates0.1M NalOH 3.48 3.497 0.232
1.0M HCI 1.45 1.53 0.15
Residual 0.42 0.8l a.10

xx As hexancl-released P is itself a mean difference, a
modified T—test was used (d&ppendix 1}.
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were also altered by the drring/rewetting cycle (Tables 21 and
22). The large increase in ®'P extracted by NaHCOs on
drying/rewetting the soil was mostly inorganic. @A proportion
of this P would have criginated from dyring roote (Martin and
Cunningham, 1972) as well as lysed microorganisms (Sparling et

al, 1989a). That the microbial population was substantially

a

ecreased by the drying treatment and had not recovered by the
time measurements were made is clear from the decrease in
hexanol released 21P. The observed decreases in aggregate
protected (sonicatesNaCH? ®'*P, and ®'P, on drying/rewetting can
be attributed to the release of substrates previouslty protected
within aggregates (Adu and Oades, 1¥978). Increases in the

1.0M HC1 extractable 3P, and small increases in residual %P,
can be attributed to reversion of P to more stable forms.

That microorganisms are important in P cycling has often
been inferred from cbservations of net changee in ®*F poolz in
zoils subjected to incubations in the laboratory (Chauhan gt
al, 1981 or to cultivation (Hedler et a1, 1?82a). The use of
radicisotopes offers advantages over this approach, as flows
can be identified rather than inferred, although interpretation
of the data is complicated by isotopic exchange reacticns. In
examining the data in Table 22, three possible causes can be
conzidered for any change in specific activity of the P
fractionse due to dryingsrewetting;

1) isotopic exchange with unlabelled soil ='F,
(2 increase of specific activity due to a flow of highly

labelled P into the fraction, and
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(3) decrease of specific activity due to a flow of
unlabelled for low activity? P into the fraction.

Isotopic exchange, both during the drying/rewetting period and
during the extraction, would cause ®ZP to be rediztributed
among the scil fractions. Thus ®2F would tend to move from the
more labile fractions (0.5SM NaHCOz and 0.1M NaOH> to the more
ctable fractions ¢1.0M HCl and residual F). Decreases in
specific activity of 2=2P in the former are therefaore a
combination of €12 and (2) above, and increases in specific
activity in the latter are a combination of (1> and (2.
However, the large increase in specific activity of the hexancl
released fraction is unlikely toc be due te (1>. The reasons
for thie increase are unclear. It is possible that (al) a pool
of very highly labelled P was used by the recolonising
organisms, or (b)Y & highly labelled fracticn of the biomass
survived the drring/rewetting crcle. It was considered that
{a) could represzent the dead rooct material, but the specific
activity of this material was not sufficiently great <10.4%0.%
Bq ®2F Kg~* ®'F) to account for the very high values of specific
activity of 22F found in the hexancl-released fraction. The
latter explanation (b)Y, seems more likely, and it could also
explain the large decrease in specific activity of the NaHCOs
fraction. The organiesme killed would have a low specific
activity, and would caucse the ltarge dilution of isotope in this
fraction. It may be concluded from the data that there is a
link between the zurvival andfor drnamice of growth of
microkial poputations in the scil {due to wetting/drying

cvclesy), and their ability to take up F. Currently there is no
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other evidence in the literature to support this hypothesis.

4.4 Summary and conclusians

Losses of P by intact, healthy growing roots of wheat
through diffusible exudation were minimal under the conditions
uced in this study¥. Microorganisms in the rhizosphere were
found to compete with plants for fertiliser P. Over the 22 d
growth pericd, plants toolk up 12.0X and the microbial biomass
14.1% of the fertiliser ®2F applied to the =oil at the start of
the experiment. On drying and rewetting of the soil after the
wheat tops were harvested, & large proportion of root P moved
inta soil fractions while ®2P appeared to accumulate in the

biomass and stable forms of P.
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CHAPTER S

TRANSFORMATIONS OF F IN CROPPED SOIL — POT EXPERIMENT

5.1 Introduction

Wheat crope cbtain their F from added fertilicer, and from
organic and inorganic forms of P in the soil. As mentioned
earlier, most of the research effort to date on the residual
effect of added fertiliser has concentrated on reactions
involving inorganic P in zoils. However, where pastures in a
cereal /pasture rotation are fertilised a considerable
propartion of F may be carried over to the cereal phase in
pasture residues. While there are many studies in which F
mineralization and decomposition of organic materials in soils
have been examined e.g. Kaila (193543 Thompson gt al (17440 ;
Barrow (124003 Birch (194123 Floate (1970a2; White and Axoub
(1932, most have not involved plante. The results of Blair
and Baoaland (1¥783) and Helal and Sauerbeclk (1?84) have indicated
the need to include growing piants in the s¥stem under study.
Fertiliser P was not included as a treatment in the studies of
Blair and Botand (1978) and Dalal <1979), in which uptake of P
tfrom residues by plants was examined. In the field, P is
normally added with the cereal crop at sowing, and the crop and
the soil microbial biomass can obtain P from both the recidues
and the fertilicer as well as from the scoil. From the results
of Chapter 4, it appears that the microbial biomass is capable
of assimilating large amounts of fertiliser P, although the
situation in the rhizosphere iz likely to be different from the
bulk s0il where microbial populations and activity are lower.

The aim of this= experiment, therefore, was to evaluate the



relative importance of pasture residues and fertiliser as
zources of P for wheat plants. The role of the microbial
biomass in competing with plants for available P was alsc

ascecced.

5.2 Materials and methaods

The experiment was conducted in a growth chamber and
involved a short-term rotation sequence due to the short
half-livee of both radicisotopes of P. 22P-labelled medic

(Medicago trurncatula cv. Paraggic? residues and ®2P-labelled

monacalcium phosphate (MCP) were added to & scoil previously

cropped to medic, and a crop of wheat (Triticum aestivum cv.

Warigal) was grown.

The Mallala soil was used for this experiment (Table 18).
MCP was added to the scil as a solution to bring the soil to
-4£4 KkPa water potential and add P at 7.7 Hg g=! soil (equivalent
to 10 kg P ha—'>. The solution was thoroughly mixed into the
zail using & mechanical mixer to ensure uniform distribution ot
fertilizer. Soil equivalent to 1300 g oven—dry weight was
added to each of 12 pots, and eight germinated medic seeds were
placed just below the scil surface in each pot. Plant=s were
thinnea to 5 =eedlings per pot after 7 days. Soil water
potential was adjusted daily to -66 kPa. Plants were grown for
S3 days in & growth chamber at 20°C (day), 15°C <night?,
relative humidity was &5% (day), 954 (night?>, and PAR was 300
Bmol quanta mm2 =~ for 1S h day—*.

& second seriecs of pots was simi]ar]? treated, except that

carrier free ®2F wac added to the MCP solution to give a
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specific activity of 3.48 GBq g=* =P,

Medic taps were harvested by clipping at the soil surface.
Roots were separated from the scil by hand picking, as the
roots from the ®@F-labelied scil and the root-free unlabelled
coil were to be reused for the wheat phase aof the rotation.
There was no difference in growth between unlabelled and
23p—1abelled plants. Plant materials were dried at 70=C and
ground to pass a 1.0 mm sieve.

Soil from the pots containing no ®3F (i.e. unlabelled medic)
was air dried to approximately S gravimetric water content
cver a 48 h pericd. From the plant material grown in
3sp-jabelled scil, a mixture of ®3P-labelled medic residues was
prepared from the tops and roote in the ratio 1:2. The medic
residues were then mixed into the unlabelled soil at a rate of
2.46 g kg~! {oven—-dry) co0il, which would equate to & carryover
of 1.5 t topse + 2.0 t roots ha—! at the end of the pasture
phase of the rotation. The residues had a P content of O.11x P
and & specific activity of 89 MBq ®3F g~* =!'F, and added 3.8 Mg
P g~* goil. The so0il was wetted to —-$5 kPa water potential and
incubated for 7 daye at 20°C. After being air dried for 48 h
at the end of the incubation period, the soil was rewetted to
-é& kPa water potential with & ®2P-labelled MCP saolution which
supplied 15.4 Pg @1P g~t fgven-dry) scil, and had a specific
activity of S?8 MBg 2=2F g—! 21F, MNitrogen {(as MNHaNOz) was
added at a rate of 20.8 Pg N g~* scil to all pots. Two residue
treatments {with and without residue addition) were combined
with two fertiliser treatments (with and without MCP addition?

in a 2¥2 factorial design with threefold replication. The scoil
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in each pot was mixed thoroughly to ensure uniform distribution
of isotopes throughout the soil. Five germinated wheat seeds
were placed in pots containing 1 kg scoil treated as described
above. The pots were placed in the growth chamber maintained
under the same conditions as given previously. After emergence
was complete, plants were thinned to 4 per pot. After 7 dars
growth, plants growing in soil amended with residues showed
signs of S deficiency. Accordingly all plants were harvested
and a basal application of 7.7 mg S, 2.4 mg Mg and trace
elements was added to all pots before resowing with wheat. All
pots were harvested 34 days after resocwing and plants separated
into tops and roots. The roots were separated by gentle
agitation under water, and washed free of scil with & spray of
water over a fine sieve.

Flant materials were weighed after being dried over 24 h at
70°C. The plant material was ground and 0.1 g samples were
digested with & cm® HNOg and 1| cm® 70X HC10,.

Subsamples of scil were taken for analyses both before
planting and after harvest of the wheat tops. After harvest,
but before washing to remove roots, subsamples of soil were
removed from each pot with & 14 mm diameter tube. Roots were
removed from this =0il by hand picking. 5So0il samples were
fractionated and other analyses carried ocut acs described in
Section 4.2, except that the fumigated scils were placed in a
fume hoad for 12 h instead of 24 h to allow evaporation of

hexanal .
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5.3 Resultse and discussiaon

5.23.1 Dry weight and ®'F uptake

Addition of fertilicer P increased both dry weight and ®'F
uptake of wheat plants (Table 23>. Addition of residues
depressed bath dry weight and ®'P uptake of wheat, both in the
presence and absence of added fertiliser ®*P. Amounts of 2P
held in the microbial biomass were significantly increased by
both residue and fertiliser P addition: the former had the
larger effect.

Table 22. Dry weight and ®2'P uptake of wheat tops and rocts,
and amounts of microbial P in the <o0il.

Treatment Dry weight F uptake Microbial P
(g pot—1) {mg pot—'> (lkg g~!' =01l
Taps Roots Taops Rocts Soil
Contral 1.58 2.13 Z2.49 2.92 19.2
+Recsidues 0.84 1.27 1.84 1.449 25.0
+Fertiliser z2.70 4.42 S.30 4.48 21.0
+Res.+Fert. 2.40 3.80 4.33 q4.322 25.8
Significant
effects (F test) Res=s. Res. Res. Res. Res.
(P<0.0Q57 Fert. Fert. Fert. Fert. Fert.

The decrease in dry weight and F uptake of wheat in the
presence of residues appeared to be due to competition between
the plants and the =scil biomass for available P. The &
deficiency initially observed in wheat plants growing in scils
to which medic residues had been added was the first evidence
that a flush of microbial activity had occurred. S
deficiencies are not normally encountered in the field on this

€01l type, presumably because P iz usually added as
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superphosphate which would alleviate both P and S limitations.
While no measurements were made of the drnamics of microbial
growth and P uptake during the course of the experiment, it can
be ceen from Table 23 that the amounts of P held in soil
microorganisms at the end of the experiment were considerably
higher in those scils which had received medic residues.

Supporting evidence is provided by the radiocicsotope data.

5.2.2 2P _and 2P uptake

0f the total P in plants and microbial biomass; the
proportion derived from the plant residues andyfertiliser Was
calculated from radicisotope data xs follaws.

Z = SA, /S SA,, where

4y

@&, = =pecific activity of P in wheat top, root, or

microbial biomasse, and

SA, = specific activity of P in plant residue or fertiliser
added
Results are presented in Table 24. Addition of residues

significantly decreased the proportion of fertiliser P in the
plant tops, and increaszed the proportion of microbial P
obtained from the fertiliser. @Addition of fertiliser had no
effect on the proporticon of plant F taken up from the recsidues,
but significantly increased the proportion of biomass P derived

from recsidues.



Table 24. Percentages of total P contained in wheat tops and
roots, and in the biomass derived from plant residues
and fertiliser.

+Fertiliser +Reszidues +Recidues LsD
+tFertiliser P=0.035

Tops
2P (Recidusa — .7 7.1 0.7
32P(Fertilicer? 40.1 - 35.3 .4
Roats=
@I (Recidue? s 7.0 4.9 1.4
a2p{Fertiliser) 23.¢ - 27,4 7.3
Microbial bicomass
FFR(Rezidue? - 2.1 7.4 n.3
I2P(Fertilicsery 14.% - 17.% Q.¢

The distributions at harvest of 22F from the added
fertiliser, and ®®P from the residues, are shown in Table Z5.
In the absence of recidues, a similar amount of 22F (from
fertiliser) was found in plants as was found in the soil
micrabial biomase. With residue addition, the biomasse appeared
to accumulate 2P at the expense of the plants. By far the
greatest proporticon of ®3P {(from residues) was recovered in the
biomass, both in the absence and presence of fertiliser F.
Fertilicer P appeared to stimulate plant uptake of 3P from the
residues.

Ghoshal (1975a) found that the addition of a C source to
soil decreased the uptake of fertiliszser P by rye plants, and
concluded that an increase in microbial activity had caucsed
immobilisation of fertiliser P. Plant residues provide a

source of C, P and other nutrients.
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Table 25. Distribution of isctopes at harvest expressed as
percentages of the amounts applied.

+Fertiliser +Residues +Residues LSD
+Fertilicer P=0.03

Tops = 4.2 g.2 0.2

23p Roaots = 3.9 7.9 1.0
Microbial

biomazs - 8.4 a5.3 7.4

Tops 13.3 = 2.7 1.0

az=p Roots i0.0 = 8.4 0.4
Microbial

biomass 22.& =) 29.2 1.0

Previous s=tudies have found that the P concentration of the
residues mav¥ be one of the most important factors affecting the
uptake of P by plants growing in scils amended with plant
residues. Fuller gt al (1958) found that native soil P mar be
immobilised when the added residues contain less than 0.2 F.
They found that P from root residues was less readily available
than that from tops. Dalal 1979), on the other hand, found
the ®2P in labelled clover roots to be more available than P
from tops as measured by 22F uptake by ocats. Dalal measured
high rates of recovery (* 40X) of ®2P from residues by the
plant, although the P content of the clover residues used was
high (0.55% P>. In this study, an attempt was made to simulate
the canditiens prevailing in the field under medic-wheat
rotaticns. The fertiliser rate used approximates to that which
would be added to a soil with medium—-low P status. FEoots and

tops of medic residues were combined in a mixture, and added at
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a rate, which would represent the approximate proportions, and
amounts, of these plant parts remaining at the claose of season
in a grazed pasture. The medic from which the residues were
obtained was grown in the same soil as the follawing wheat
crop, and the residues had a P concentration (0.11) similar to
that found in the field (unpublished data>. However, it should
be remembered that because of the limitation imposed by rapid
radicisotope decay, immature plants had ta be used for residues
in the experiment. In the field, mature plants remaining
after grazing contribute the plant material which is carried
over to the cereal phase of the rotation, and these may not
influence the turnover of P in the system in exactly the same
way as found here. The results presented indicate that only
small amounte of P from the medic residues were utilised by the
following wheat crop, even where no fertiliser P had been
added. From Table 24, it can be ectimated that the
contribution of medic residues to the P nutrition of the wheat
plant was about a fifth of that contributed by the fertiliser.
This proportion is similar to the relative amounts of P applied
to the soil by the two scurces - medic residues supplied
approximately one quarter of the amount of P applied as
fertiliser,

Martin and Cunningham (1972) showed that the release of F
from desiccated wheat roots was mainly through avtolytic
activity of the plant enzymes. Thus without any micraobial
activity a large amount of inorganic P could enter the
plant-available pool when the dry <oil was rewetted. Birch

(19612, on the other hand, found rapid arowth of microorganisms
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on rewetted plant materials prevented the release of inorganic
P to sclution. Incorganic P was detected in significant
quantities only after a decrease in the microbial population.
The results presented here support thase of Birch, as a large
proportion of the P from residues was found in the microbial
bicmass even after 40 days in so0il containing P fertiliser and
actively growing plants. It is evident that a considerable
proportion of the applied 2P was incorporated into the biomass
(Table 25y, even in the absence of residues. Addition of
residues caused the proportion of 2P entering the biomass to
increase, while the proportion entering the plant was
decreased. These resulte support the conclusions drawn from
simulation modelling (Blair et al, 1974; Cole et al, 1777), and

laboratory cstudies (Hedley gt al, 1982a). It remaine to be

determined whether similar results would be observed under
field conditicons, where environmental stresses such as

desiccation (Sparling gt al, 1985k} and predation (Ellictt et

al, 1784) would favour release of P from the biomass.

In previous studies where the turnover and plant uptake of P

has been traced with radicophosphorue (Fuller gt al, 193&; Blair

and Boland, 1278; Till and Blair, 1778; White and Ayoub, 1983;
Sharpley, 198&4), isotopic exchange reactions appear to have
been discounted during interpretation of the results. However,
as soon as radiophosphorus is released in inorganic form fraom
labelled plant material {regardliess of the process invalved?,
it becomes liable to isotopic exchange. Thus uptake of P by
plants from both residue and fertiliser sources will be

underestimated by radiotracer techniques, as discussed
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previcusly in Section 4.3.2.

& large proportion of the ®2P recovered was found in the
microbial bicmasse. While fumigation can cause significant
releaze of P from fresh wheat roots and shoots, even a mild
drying treatment (S0°C for 24 h) causes the flush due to
fumigation to dicappear, due to extenzive damage and release of
P from unfumigated materials (Sectiaon 3.7). Howewer, to chechk
if fumigation causes significant release of P from dried and
ground medic plants, 0.5 g samples of unfumigated and fumigated
recidues were extracted with 100 cm® 0.35M NaHCOs. #&s the
fumigated samples must stand for a total of 48 h after being
wetted with biccide (Section 5.1}, release of Po through plant
enzvme activity ic poscible immediately after the dried
material is wetted. dAccordingly some unfumigated residue was
treated similarly to fumigated samples, except that it was
we@ted with 2 cm® de-icnized water instead of hexancl. @Al
other analyses were asz described previcusly (Section 5.1).
Results are presented in Table 24.

Table 24. Percentages of total P in dried medic residues
recaovered by 0.5M NaHCQg as P, and Pe.

Treatment “ total plant F
e Pe

Unfumigated a8 2.5

Unfumigated ‘wetted) g1.8 g0.0

Fumigated 74.1 77 .0



Almost all of the P extracted from the plant material, whether
fumigated or unfumigated, was in inorganic form. The
observations that a large proportion of P in plant materials is
zoluble in water or bicarbonate following drying support these
results (Bromfield and Jones, 1?72; Martin and Cunningham,
1972; White, 1981>. There was an increase in the amount of P,
and P extracted from unfumigated residue which had been wetted
with water as described above. @Activity of enzymes in the
plant material is a possible mechanism whereby compounds in the
dried materiasl, formerly inscluble in 0.5M NaHCO;, could ke
extracted by this reagent after wetting. There was no
significant increase in the recovery of P from either the dried
or wetted residues due to fumigation with hexanol. Thus it is
unlikely that the fumigation technique cauced release of 23F
trom the plant residues in this study. The high proportion of
®2F found in the biomass may in part be a reflection of the
spatial location of substrates in the scil. =22F would he
closely associated with sources of C and N used by the
microorganiems for growth, while ®2P would be physically
removed to some extent from these microsites. On a larger
scale, the competition between plants and the zeil biomass for
available P may be affected by the spatial distributions of the
fertiliser and plant residues in the =zoil. In the experiment,
the P sources were mixed throughout the soil. In the field
plant residues would become mixed into the soil with
cultivation. However, fertiliser P is normaliy placed in a band
close to the surface during szowing, and this may decrease the

competitiveness of the soil microbial biomass for uptake of
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fertilicser P.

)|
L]
0

Changes in 2P distribution

s expected, addition of fertiliser F cauced large
increases in ®'P extracted by 0.5M NaHCOm, and subsequent plant
growth decreased 0.5M NaHCOg extractable P (Tables 27 and 28»>.
While @'P, extracted by 0.5M NaHCOg in the control and +residue
treatments increased over the plant growth pericd, there were
decreases in organic P (2P, = =1p, - @21p,), &Emall decreases
due to plant growth in 2P, and ®'F, extracted by 0.1M NalOH and
0.1M NaOH following sonification were observed, although the
differences were not concsistently significant.

Table 27. Changes in ®'P, concentration in =so0il as a result of
wheat growth. I = initial values, F = after wheat
growth. Means followed by different letters indicate
a significant (F<{Q.05) difference hetween initial and

final values. F, in 1.0M HCI and residue fractions
naot determined.

Extractant Cantral +Fertiliser +Residues +Residues
+Fertilicer

0.5M
NaHCO4 0.3= z.00 9.0«

2}
0
T
L]
W
[
~Q
T
o
I
»
M
9]
T

Hexanol -
released P 10.4~ 7, 2

~J

e 7.9 11.4= 8.0 10.1= 9.5=

0g.1M
NaOH 153.6= 15,1 20.2= 19.2% 14.3> 15.4° 20.3= 18.4%

Sonicated
0.1M NaOH 2.2 2.1= 2.7~ 2.4v

)
[\

»
(A
Lu

T
h

-
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Table 28. Changes in ®'P, concentration in soil as a result of

wheat growth. Symboles as for Table 27.
Extractant Control +Fertilicer +Fecidues +Re=sidues
+Fertilicer
I F I F I F 1 F
kg g=*! soil
0.5M
MaHCO, q. 9= 2.9 10.&= 3.8e 4.z2= Z.&P 7P 3.9P
Hexanol
releaced
F 2.1~ P &.3= g.4= 12.2= 10.0= 10.5> 10.,3=
0.1
MNaOH S4.3> S53.1P 43.59* 5S5&.3°F &Z.2= S&.0= &1 .4« 57 .9e
Sonicated
a.1mM
MaQH 7.o &.7F 8.4~ 7.1P 7.o= 7.8~ g.0= 7.4
1.0M
HC) g1.9+ go.?~ ez.0= TFE.a&°F g0.&8= FF.o~ 2.4« 34,8«
Fesidue
197= 18%= z207= 1ggP 197= 1 77= 188~ 194~

In s0il which had received only fertilicser, there were
significant decreasez in the S'P, extracted by 1.0M HC1 (no
21p_ could be detected in this fraction?, and in the residue
fraction. The resulte in Tables 27 and 28 cast some doubt an
the suitability of the terms commonly ucsed to describe the
relative availability of F fractions separated by the technique
used in this and other studies. In <oil which had received
fertiliser only, plant growth depleted 2®'F, in the residue
fraction and that extracted by 1.0M HCl. Hedleyr et al (1982b0

also found that plants were able to draw F from the 1.0M HCI

fraction, wet this fraction has been termed "more cstable



inorganic phosphorus composed probably of apatites" (Stewart
and McKercher, 1782). The basis for this interpretation stems
from the results of Williams et al ¢(1980>. However, these

workers used a slightly different extraction scheme to that
proposed by Hedley et al (1982a) and used here, in that a
mixture of sodium dithicnite, sodium citrate, and sodium
bicarbonate at 85°C was employed as the initial step in the
fractionation scheme. Thic mixed reagent (DCB) is designed to
extract dicalcium phosphate dihydrate (DCPD}, CaHPO,4.2Hz0, and
was alse found to extract most of the P contained in

hydraxyapatite (HAY, Ca,o(PO424(0H)> (Williame et a1, 1780).

Cold 0.5M NaHCOg <pH £.5) is not =o vigorous an extractant as
DCE at 85<C hawever, and will extract only small amounts of P

cantained in DCPD or HA (de Bussetti et al, 1780). It is

possible that a water + HCOz~ anion exchange resin extraction
preceding the 0.3M NaHCOsz extraction, &= recommended by Hedley
t al (1982a), would dissolve the more saluble Ca phosphates

such as DCPD (Wagar gt al, 1¥84). de Bussetti et al (1%80)
found that Cl1—- anion exchange resin was effective in partially
disszolving pure DCPD and HA. However, the initial pH of this
unbuffered system was 2.5, and extensive dissolution would be
expected. Anion exchange resin in the HCOsz~ form tends to
increase the pH of acidic so0il suspensions and buffer the pH of
alkaline =soil suspencsicons (Sibbesen, 1978), so it is unlikely
to cause complete dissolution of DCPD or HA in suspensions of
calcareocus scil. The subsequent 0.1M NaOH extractions would

cause little dissolution of calcium phosphates due to the high

pH of the extracting sclutions. Thus the 1.0M HCl sclution
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would extract some slightly soluble calcium phosphates such as

DCPD (pKap = 6.3568) or octocalcium phosphate (0CP; pKep
44.91, CagHz(P04Y4.5Hz0, as well as sparingly soluble forms
such as H& (pKap = 113.7) or flucrapatite (pKep = 118.4).
DCPD, HA and OCP are all reaction producte formed after MCP is

t al, 1980), and there ic evidence that

added to scils (Sample
come sparingly soluble phosphates have a high potential
availability to plants (Qlsen et al, 1983). Thus in the

extraction scheme of Hedler gt al (1?82a) and that used here,
the P extracted by 1.0M HC1 is likely to contain forms
available for plant uptake. Wagar et al (1988) have also uced

the fractionation scheme of Hedley et . and found that large

1~

additions of P to a slightly alkaline scil resulted in large
increases in the P extractable with 1.0M HC1. The increased
amounts of P held in the HCl-extractable fraction remained
stable even after 8 ¥ of cropping and no further addition of
fertiliser. Wagar et al (1984) did not invecstigate the
possible formation of calcium phosphates during extraction of
the soil, which contained both free Ca and wery large amounts
of P. However, they recognicsed that sparingly soluble, but
plant available, forme of P could remain in the soil during
fractionation until extracted by 1.0M HCI.

The depletion due to plant growth of forms of P solubiliced
in the laboratory only by bailing concentrated acide is more
difficult to explain however. Hedley et al (1982b) also
observed decreases in amounts of residue P due to plant growth.

Further investigation by thece workers revealed that a large

proportion of the residue P ic inorganic, and that plant growth
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depleted this fraction by decreasing rhizosphere pH and causing
diccolution of basic phosphates. Wagar et al (1984) found that
wetting and incubation caused measurable changes in amounts of
residue P extracted from scils which had been stored air dry,
and suggested that microbial activity may have caused the
redistribution of P. These workers alsc suggested that the
recidue P fraction consists largely of P,, although no data
were provided to substantiate this claim. It would appear
therefore that the more chemically recistant fractions
separated by this fractionation technique should not be
regarded stable in & biological sense.

There is a possibility that basic phosphates may be
precipitated during alkaline stages of the extraction process.
Indeed, this was the reason Hedley et al (1982b) used a resin
rretreatment in the extraction scheme. However it was found in
this study that 1% of a spike of inorganic P (25 Pg P g=* soil)
added to the soil before extraction, was recovered by 0.3M
MaHCOg (pH 2.5 and a further &4 was found in the 0.1M NaOH
extract. @Ac stated by Jacksan (1958), the carbonate ion added
in the 0.5M NaHCOz; ¢pH 8.5) extract, by the solubility product
of Calls, maintains the Ca activity low enough in most sails to
prevent reprecipitation of liberated phosphate as calcium

phosphate.
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5.4 Summary and conclusions

The resulte confirmed those of Chapter 4. The micraobial
biomass was found to assimilate a proportion of the labelled
fertiliser similar ta that taken up by plants. A large
proportion of the P contained in medic residues was found in
the microbial biomass. The results suggest that a large
proportion of the available P in soil passes through microbial
cells, particularly that P which is released from plant

recsidues in the soil. The effectiveness of plant residues from

1]

a preceding pasture in providing P to a wheat crop was les
than that of currently applied fertiliser. However, this
effectiveness was roughly proporticnal to the total amounts of

FP added b» the two sources.
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CHAPTER &

TRANSFORMATIONS OF P IN CROPPED SOIL - FIELD EXPERIMENT

&d.1 Introduction

The results of Chapter S5 demonstrated that the microbial
biomass assimilated & proportion of the applied fertiliser
equal to plant uptake, and that a large proportion of the P
contained in the medic reszidues entered and remained in the
micrabial pool. These results were obtained in a growth
chamber where conditions were favourable for growth of both

niant

in

and microorganisms for the duration of the experiment.
Fertiliser wxs oniformly mixed throughout the scil. 1In the
field, both plants and microcorganisms can suffer fraom

heat,

m

environmental stresses, such as desiccation, exces

freezing and predation. Also, sources of P are not uniformly

m

diztributed throughout the scil. While plant residues, such &
roots and ungrazed or unharvested tops, mar be mixed into the
ecil during cultivaticon, P fertilicer is generally banded near
the soil surface during the sowing of cereals. As the spatial
laocation of P in soil affects plant P uptake (Kafkafi, 1984;
Rudd and Barrow, 1972; Engelstad and Terman, 1980; Barry et al,
17855, it i=s likely that banding of fertilicser will alsc affect
uptake of P by the soil biota. The dyvnamics of P uptake by the
microbial biomase and wheat plants under field conditions was

therefore studied.

4.2 Materials and methods

The experiment was conducted at Mallala, situated

approximately &0 km north of Adelaide in South Australia (Plate
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le, page 144). The characteristics of the soil have been given
previously (Table 18, page ?7>. The plot used was fallowed in
1995 and maintained weed-free up to the time of planting in
1986. 22P-labelled medic residues and 22P-labelled MCF were

applied to soil cropped with wheat.

4.2.1 Preparation of ®®P-labelled medic residues

Ta chtain medic residues with & high specific activity of
®3pP, plante were grown in sand which had been washed three
times in deicnised water., To clozed pots containing 1.23 kg
sand packed to a bulk density of 1300 kg m™® was added a basal
application of CaCOs ¢2 mg g~'), CaS0, (200 Kg g~*>, and
CalMOg)2.4H20 €14.87 lg g~'y. Eight germinated medic (Medicago
truncatula cv. Paraggio) seeds were placed 2 cm below the sand
surface and & slurry of Rhizobium bacteria applied arcund the
seed. The sand surface was covered to a depth of 20 mm with
white polythene beads and the sand watered to 154 gravimetric
water content (-50 kPa). Plants were grown for 42 dayve in a
growth chamber at 20°C (day), 15°C (night), relative humidity
was &0¥% (day), ?5¥ (night), and PAR was 500 Fmol quanta m~™= =71
far 14 h day—t*. The water potential of the sand was adjusted
daily to -S50 kPa. at 0, 14, 23, 20, 35 and 239 daves a solution
supplying 20.83 mg KHzPO,, 8.33 mg Mg&0,.7H20, 833 Hg
FeSO,.7H20, 8332 KRg MnS04.4Hz0, 500 Rg ZnS0,.7H=0, 333 kg
CuS04.5H=-0, 2333 Kg HaBO0s;, 33.33 Kg CoS0,.7H=0, 33.33 Wg HzMcO,,
and 4.11 MBq {corrected to t = 0) carrier—free 23P was added to
each pot. Uniform labelling of the plant material was

therefore encouraged by feeding the plante at each time with a
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nutrient sqolution having a specific activity of ®3F equal to
the specific activity of P already taken up by the plant. The
time interwale chosen for applicaticon of nutrient solution were
determined by the rate of growth of the medic plants
{determined in & preliminary experiment).

Medic tops were harvested by clipping at the sand surface.
Roots were zeparated from the sand by gentle xgitation under
water, and washed free of sand with a sprar of water over a
fine sieve. Flant materiale were dried at 70°C and ground to
pass a 1.0 mm sieve. A mixture of the residues was prepared
from the topse and roote in the ratic 1:2. The residues had a
S1p content of 0.303% and & 2®2F cspecific activity of 237.5 MBq

g~! ®'P (corrected to the time of sowing the wheat cropl.

45.2.2 Wheat growth

Wheat plantse were grown within open ended pots made from PUC
c¥linders 130 mm deep, having an inside diameter of 100 mm and
driven into the ccil to & depth of 100 mm. Soil within the pot
was removed, sieved (< 2 mm?, and ®®F-labelled medic residues
added at & rate of 2.44 g kg~?! (oven-dry <ail). The residues
were thoroughly mixed throughout the soil by end over end
mixing in & palythene bottle placed in a cement mixer. The
soil, except for the last 40 mm topscil, was then replaced
within the PVYC cylinder to & bulk dencsity of 1400 kg m™=. Ta
the exposed co0il surface was added evenly 40 cm® of a solution
which supplied 2P (7.49 Hg P g=! acs Cal(HzPOLYz, M (30.7 Hg N
a™' as NHMOg», S (7.4%9 Hg S g~! as CaS0,), Mg (2.21 Kg Mg g~ as

MgSU,.7H=z0). The soclution also contained 2P to give an
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application rate of 4.80 kBq g~* soil, and a specific activity
of 22P of &24 MBq g~' 21!P added. Trace elements were alco
applied at rates equivalent to half of the total amaounts used
for the medic growth phase (Section &.2.1). Two germinated

wheat (Triticum aestivum cv. Warigal) seeds were placed on the

exposed surface and the remaining top 40 mm scil was packed
into the cylinder. Thus the ®2P in the recidues was evenly
distributed throughout the soil, while ®2P-labelled fertiliser
was concentrated in a band 40 mm below the soil surface (Figure
154,

A total of 27 cylinders was placed in the soil as described
above, within & plot area of 1.ém *# 1.2 m. The crlinders were
placed in groups of three az shown in Figure 1& and Plates | e,
f and g (page 144y. Soil outside the cylinders <guard areas?
was alsc sown with wheat and received the same amounts of
nutrients as so0il within the cy¥linders. WNo radicicotopes were
applied to =oil in the guard areas. Scil temperature at &0 mm,
weekly rainfall and evaporation at the site were continuously
monitared during the experiment. Daily rainfall data were
obtained from the nearest recording station approximately 1 km
from the site. The plot was fenced to prevent rabbit, sheep or
bird grazing, snail bait was laid, and the soil was maintained
weed—-free by hand weeding. The wheat plantse were thinned to
one per c¥linder after emergence. Due to the very dry start of
the 1984 ceason the pleot was irrigated at 2, 5, 25 and 48 davrs
after planting to prevent water stress.

at o, 7, 18, 32, 44, 41, 81 and #5 dayse a group of 3

c¥linders was removed from the plot and transported to the
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Figure 15. Cross section of open-ended pots used in the
field experiment and distribution of
icotopes. A = ®@P-labelled soil (+residues),
B = ®2pP-labelled soil (+fertilicer), C =
unlabelled soil, D = PUC cylinder and E =
wheat plant.



Wheat plant

() PVC cylinder

20 cm

Fiqure 16. Plan of experimental plot,.
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laboratory for sampling and analysis. At each sampling time
unlabelled scil was added to the holes created by removal of
the cvlindere so that soil conditions would not be drastically

changed for the plants in the remaining crlinders.

6$.2.2 Sampling and analyses

Wheat tops and roots were harvested, and soil samples to 100
mm depth were taken as described in Section S.2. Microbial F
was determined on the coil samples as described in Section 3.9,
except that sorption of the ®tP, and sorption andfor icsotopic
exchange of the 22P and ®®P releaced by fumigation were
measured. Sorption of ®!'P, was determined by adding a spike of
10 Mg 2P, g~* =o0il to an unfumigated portion of the sample
before extraction, and calculating the proporticnal recaovery of
added P. An amount of 10 Kg P g~!* =so0il was chosen for the P
spike, as the P flush measured at this site during the 1785
seaaan varied from 8 to 12 Bg P g~*. Correction for sorption
andsor exchange of the izotopes was more camplex. As the
disappearance of isotope from solution (or the appearance of
isotope in solution) depends not only on the isotopic
concentration, but also on the specific activity of the
solution P, correction for icotope recovery cannot be
calculated from the disappearance of an added spike of isotope.
For example, if a single spike of ®3FP was added to the scoil, a
propaortion of the isotope was not recovered by the extracting
solution. However, if the same amount of 22F was added, but
with a quantity of 2P also (i.e. lower specific activity),

then desaorption of 2P from the coil was obserwved as 2P
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displaced =P already present on some of the exchange cites.
Thus if P released from the microbial biomass by fumigation has
a low specific activity this can cause desorption of isotope
from the exchange sites on the scil surfaces, increase the
observed concentration of isotope in the solution, and thus
overestimate the amount of isotope in the microbial peocl. The
following experimental strategr was therefore adopted to
measure if appreciable errors existed due to adsorption or
desorption of isotope from exchange cites. To S g (oven-dry

weight) porticne of unfumigated scil from each cylinder were

added 0.5 cm® solution containing 50 Kg 2P and a range of S=F
and ®®P concentrations. This produced a series of simulated P
flushes with a range of specific activities from 0 to 410 Bq
Rg—* 3P for 22P, and from 0 to 96 Bg Kg~=* 3P for 33F. The
difference (in Bgq g~! =cil) between the recovery of isotope
from the unfumigated soil aonly and the unfumigated scil plus
added izotope (4®2P or 4®%F) could then be related to the
specitic activity of the released P.

Total and inorganic P were measured by the method of Walker
and Adame (1958). OQOrganic P was calculated from the difference

between total and incrganic P.

4.3 Results and discussian

&.3.1 Plant growth and P uptake

Dry weight, and 2P, ®2P, and #*3P uptake by the plant roots
and tops are shown in Table 29. At the first harvest the
plantse were toco small to be separated into roots and tops and

therefore the whole plant was digested.



31

32

Time Dry matter yield P uptake P uptake P uptg%e
(d) (mg pot-1) (ug pot-1) (kBq pot-1) (kBq pot

R T R T R T R T
7 22 (3) 83 (13) 0.7 (0.3) 0.1 (0)
18 22 (2) 22 (0) 38 (3) 76 (3) 4.1 (1.7) 8.1 (4.4) 0.8 (0.2) 1.3 (0.6)
32 102 (4) 72 (7) 125 (10) 132 (9) 18.9 (2.7) 22.2 (5.7) 1.9 (0.2) 2.0 (0.3)
46 278 (16) 267 (7) -# . - - - -
61 341 (43) 333 (31) 479 (57) 720 (58) 57.8 (6.8) 136.9 (6.9) 10.3 (1.7) 16.8 (3.2)
81 439 (11) 524 (25) 794 (8) 1510 (118) 89.0 (4.3) 226.0 (5.1) 25.3 (2.3) 50.0 (5.2)
95 1137 (204) 1527 (299) 2046 (215) 4285 (386) 129.3 (22) 485.0 (83.7) 47.3 (8.3) 101.0 (18.4)
Table 29 Dry matter yield, 31P, 32P and 33P uptake by wheat roots and tops. Values are the means of three

replicates. Standard errors of mean values in parentheses. T = tops. R = roots.

during digestion caused the loss of all P data for this harvest.

# = an accident

- LET -
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Dry weight of reoots during the early stages of growth equalled
that of the tops, but growth of the tops exceeded that of the
roote after &1 dayve. This agrees with the recently published
resul ts of Rocemer and Schilling (198&). When total dry weight
and 1P uptake are plotted against time, it can be seen that
both these increased greatly towardsz the end of the experiment
(Figure 17y, by which time the plants had reached a stage of
grawth equivalent to Feekes =scale 7 (Large, 1934).

Uptake of ®2P was much more wariable than =3P uptake,
ecpecially during the early stages of growth. This was
expected as the ®2F was uniformly distributed throughout the
csoil, while the 22P was applied as & socluticon to the soil and
completely uniform distribution across the cylinder could not
be ensured. Thus in the early stages of growth 32P uptake by
the plant would be influenced to & large extent by root
distribution. As the plants matured and rcoot mass in the pots

d the uneven

m

increased, the plant rootes effectively integrat
icotope distribution, thus decrexsing variability between
plants. The trend of radioisoctope uptake by whole plants was
similar to ®'P uptake (Figure 18a). At ?5 dayve after planting
11.6% and S.4% of the applied ®2F and ®2F had entered the wheat
plants. These figures are smaller than those obtained in the
growth chamber experiment (a{fer 34 darye growth? where 18.1%
and 17.1% of the 22P and ®®P applied had entered the plants.
Uptake aof P from the residues in the field was lower than
observed in the growth chamber - the P concentration of the
residues used in the field experiment was almast 3 times that

used in the pot experiment, yet uptake of 23P by the
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Summary—A range of gaseous, liquid and vapour biocides was tested in combination with seven
extractants for their ability to release P from soil microorganisms in situ. The biocides tested were
chloroform, ethanol, propan-1-ol, hexan-1-ol, f-propiolactone, formaldehyde, glutaraldehyde, ethylene
oxide and methyl bromide. The extractants tested were 0.5M NaHCO, (pH 8.5), 0.1 M NaHCO, (pH 8.5),
50 mM NaOH, 10 mm CaCl,, 50 mm H,SO,, 30 mmM NH,F + 0.1 M HCI, and an anion exchange resin in
the bicarbonate form suspended in distilled water. An incubation technique using 3P ensured that only
microbial P was measured.

Chloroform and hexanol were the most effective biocides: the latter is preferred because of its less
hazardous nature. The best extractant was 0.5 M NaHCO, (pH 8.5). Mixed populations of soil organisms
were used for calibration, and the K, factors obtained with hexanol and 0.5 NaHCO, (pH 8.5) were
0.33, 0.40 and 0.57 for the three soils studied.

Since microflora differ from soil to soil, as do the amounts and form of P released, calibration is
necessary for each soil. Incubation is not recommended as a prior treatment for samples used to measure
bjomass P: the soils should be treated with hexanol or extracted immediately after sampling to avoid
quantitative or qualitative changes in the biota or biomass. Errors associated with the inclusion of roots

0038-0717/86 $3.00 4+ 0.00
Pergamon Journals Ltd

in the sample can be minimized by removing the bulk of the roots before fumigation.

INTRODUCTION

That microorganisms are important in the trans-
formations of organic and inorganic forms of phos-
phorus (P) in soils has long been recognized.
Renewed interest in the role of microorganisms in P
cycling developed through the use of simulation
models (Halm ez al., 1972; Blair et al., 1976; Cole et
al., 1977; Chapin et al., 1978). Subsequent indirect
estimates of P held in soil microorganisms (biomass
P) showed that relatively large amounts could be held
in this form (Anderson and Domsch, 1980). Direct
estimates of biomass P were made possible with the
development of techniques to extract and measure
this pool in soils (Brookes et al., 1982; Hedley and
Stewart, 1982). The techniques utilize chloroform
as the biocidal agent—a feature common to many
methods designed to measure nutrients held in the
biomass (Jenkinson, 1976; Jenkinson and Powlson,
1976). However, unlike measurements of biomass C
and N by the fumigation-incubation technique,
where incubation of soil with inoculated organisms is
required after fumigation, measurements of biomass
P do not require that all traces of biocide be removed
from the soil. Indeed, as Brookes et al. (1982) point
out, any biocide remaining in the soil will help
prevent microbial growth during the subsequent ex-
traction. Thus a wide range of highly efficient clinical
and industrial biocides could be used for measure-

ments of biomass P (or C, N and S) in soils by
fumigation—extraction methods.

A disadvantage of current techniques for biomass
P measurement when applied to field soils is that an
incubation period is used before fumigation (“‘pre-
incubation’). The method of Hedley and Stewart
(1982) uses dried, ground, rewetted and incubated (21
days) soil while that of Brookes et al. (1982) uses a
10 day incubation of sicved field-moist soil. Both of
these incubation procedures may cause qualitative
and quantitative changes in the soil biota and hence
affect biomass P values.

We have tested a wide range of biocides and
extractants and describe a modified procedure for
measurement of biomass P in field soils.

MATERIALS AND METHODS

Soils

Three soils of different texture, pH and moisture
characteristics were chosen (Table 1). As biomass P
in field soils varies with time and stable values were
required for comparative studies in the laboratory,
the soils were treated initially according to the
method of Brookes et al. (1982) and incubated at a
water potential of —66kPa for 21 days at 20°C
before use.

437
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Table 1. Description of soils

Roseworthy Inman Valley Mallala
Sand (%) 88 51 55
Silt (%) 7 28 24
Clay (%) 5 21 21
pH,, (1:5) 8.5 6.0 8.3
Gravimetric water
at—66 kPa (%) 7.6 224 23.8
Organic C (%) 0.73 2.80 1.50
Organic N (%) 0.09 0.25 0.17
P! extracted by
0.5M NaHCO, (pH 8.5) P, 4.6 2.0 16.6
I 7.0 19.0 214
Land use Cultivated Native Cultivated
wheal-pasture pasture wheat—pasture

'Air dry ground soil, pre-incubated for 14 days at 20°C and —66 kPa water potential. The
soil:solution ratio was 1:20 and 16 h extraction was used,

Biocides

A range of vapour, liquid and gaseous biocides
was used—<hioroform (CHCl,), ethanol (C,H.OH),
propan-1-ol (C;H,OH), hexan-1-ol (C,H,;OH),
B-propiolactone (C,H,0;), formaldehyde (CH,0),
glutaraldehyde (CH;3O,), ethylene oxide (C,H,0)
and methyl bromide (CH,Br). Ethylene oxide and
methyl bromide, being gases at room temperature,
were introduced into evacuated desiccators contain-
ing the soils to be treated. Gas pressure was adjusted
90 kPa. Glutaraldehyde th
NaHCO, extractant as an 0.25% aqucous solution
(Borick et al., 1964). The remaining biocides were
used both in vapour form according to the method of
Brookes et al. (1982), and as liquids (2ml per 5¢g
oven-dry soil equivalent). The water miscible alcohols
(ethanol and propan-1-ol) were diluted to give 70%
aqueous solutions—this being the most effective con-
centration against organisms in their natural or dried
states (Hamilton, 1971). All soils were fumigated for
36 h at 20°C before extraction. Vapour and gaseous
biocides were removed by repeated evacuation of
the desiccator, and liquid biocides were allowed to
evaporate for 24 h in a fume hood.

wi

combined wi

was wUllluvLLIva

to was

Extractants

Seven extractants were used—0.5mM NaHCO,
(pH 8.5), 0.1 M NaHCO, (pH 8.5), 50 mm NaOH,
10mM CaCl,, 50mm H,SO,, 30mm NH,F +0.1m
HCI (Bray and Kurtz, 1945) and an anion exchange
resin in the bicarbonate form suspended in distilled
water (Sibbesen, 1977). A 1:20 soil solution ratio was
used throughout, and soils or organisms were shaken
(end-over-end) for 30 min or 16 h at 20°C.

Isotopic incubation technique

An incubation technique using *P was adopted to
ensure that any “flushes” of P measured by a partic-
ular combination of biocide and extractant could be
attributed to P held only within soil microorganisms.
Isotopically-labelled Tryptic Soy Broth (TSB) was
added to field-moist soils at a rate which supplied
(g7 oven-dry soil) 680 ug C, 225 ugN, 60 ug P,
5kBq *P and water sufficient to bring the water
potential to —66 kPa. TSB was chosen as it is similar
to soil extract media in terms of microbial response
(Martin, 1975). When microbial activity, as deter-
mined by CO, evolution, had reached a peak (24-36 h

at 20°C) the soils were fumigated and extracted. Any
increase in recovery of **P from fumigated treatments
ovcer controls could be attributed solely to lysis and
extraction of P from soil microorganisms in situ.

Calibration—K , determination

Soil bacterial populations were cultured by adding
Iml of a 10* soil dilution to 750 ml 0.3% TSB
containing 100 mg cycloheximide. Organisms were
cultured in the dark for 5 days at 18°C in unshaken
flasks and harvested by centrifugation (10,000 g) for
20min at 4°C. The organisms were repeatedly
washed in dilute saline, and were resuspended for
introduction into soils. Soil fungal populations were
cultured by adding 1ml of a 10' soil dilution to
750 ml solution containing (17!) 660 mg NaNO,,
330 mg KH,PO,, 165 mg KCI, 165 mg MgSO, 7H,0,
6.6 mg FeSO,, 165mg yeast extract, 10 g sucrose,
100 mg streptomycin sulphate and 5 mg tetracycline
hydrochloride. Organisms were cultured in the dark
for 5 days at 20°C in unshaken flasks and harvested
by vacuum filtration (2.5 um Nytrel Ti fabric). The
fungal mat was thoroughly mixed and washed in
dilute saline, and blotted dry before subsampling and
introduction into soils.

Soil bacterial suspensions (I ml) or fresh fungal
hyphae (approx. 70 mg) were added to soil, fumi-
gated and extracted as described above. Separate
subsamples were digested using nitric and perchloric
acids, and were analysed for total P. Percentage
recovery of microbial P was calculated after sub-
tracting the P released from fumigated soil without
added organisms (Brookes et al., 1982).

Correction for sorption

Three methods to correct for sorption of released
inorganic P (P;) were tested. In the first, a standard
“spike” of 20ug P g™ soil was added and the
percentage recovery of added P determined (Brookes
et al., 1982). In the second, a range of P additions
(0.3-20.0 ug P g ' soil) was used and a sorption
isotherm constructed. In the third method, which
involved isotopic dilution, 10 kBq 2P both with or
without carrier *'P (0.2 ugml~') were added to sus-
pensions and labile *'P; (solid 4 solution) calculated
(Talibudeen, 1957). To minimize microbial uptake of
P in control soils a 2 h shaking period was used and
the isotope was added after 1 h of shaking.
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Fig. 1. Effect of biocides on the release of *'P, and *'P,

from the Inman Valley soil compared to chloroform

vapour (= 100%). The extractant was 0.5 M NaHCO, (pH 8.5). V = "'P,. 'P; not determined due to intense
coloration of the extract.

Influence of plant root material

In previous studies, plant root and shoot materials
were found to influence the values obtained for
microbial P using the chloroform fumigation tech-
nique (McLaughlin and Alston, 1985). To determine
if biocides other than chloroform had the same effect,
32p.labelled wheat roots were fumigated according to
the methods of McLaughlin and Alston (1985). The
effectiveness of hand-picking of samples to remove
roots, and the associated errors in microbial P
measurements were also determined. Fresh *?P-
labelled wheat roots (470 mg) were intimately mixed
with a weight of freshly sampled Mallala soil
equivalent to 100g oven-dry weight before the
soil was sieved (<2 mm) and the roots picked out.
Subsamples were then extracted directly, or were
fumigated and extracted, and the *?P activities in the
extracts determined by Cerenkov counting.

Influence of prior incubation

Freshly sampled, sieved (<2mm) and root-free
Mallala soil was either immediately fumigated and
extracted as above or stored moist at 20°C in large
sealed containers over soda lime for up to 32 days
before fumigation and extraction.

Analyses

The ammonium molybdate-ascorbic acid method
of Murphy and Riley (1962) was used to determine
3P, in the filtered (Whatman No. 42) extracts.
Extracts containing HCO; ions were first treated to
remove CO, and those containing fluoride ions were
treated with boric acid before colorimetric analysis
(John, 1970). Total P (*'P,) in the extracts was
determined colorimetrically after digestion with
perchloric acid in the presence of MgCl, (Brookes
and Powlson, 1981).

Amounts of *P in the extracts were determined by
Cerenkov counting. All counts were corrected for
quenching and decay.

RESULTS AND DISCUSSION

Effectiveness of biocides

Flushes of *'P; and *'P, following treatment of the
Inman Valley soil with the various biocides and 0.5 M
NaHCO, (pH 8.5) are shown in Fig. 1.

Results for the Roseworthy soil (not shown) were
similar except that -propiolactone vapour was much
more effective than the liquid form on this soil.
Liquid biocides were generally more effective than
vapour forms in the Roseworthy soil with no such
trend being evident for the Inman Valley soil. The
proportion of *P; as a percentage of *'P, varied from
2% for ethanol vapour to 72% for hexanol vapour
in the Inman Valley soil. Chloroform released 57% of
3P, as ¥P; in this soil which is lower than the average
values found by Brookes et al. (1984).

Glutaraldehyde, formaldehyde and ethanol vapour
treatments all produced small flushes of P. For-
maldehyde has been found to be an effective sterilant
in soils (Dalton and Hurwitz, 1948) although Phillips
(1977) warns that formaldehyde does not penetrate
well into porous surfaces. Formaldehyde gas also
hydrolyzes readily in water and hence its penetration
into moist soils could be poor. Glutaraldehyde is
twenty times as effective as formaldehyde as a bac-
tericidal and sporicidal agent (Hamilton, 1971). How-
ever, glutaraldehyde may leave cell membrane and
wall structures intact (Labeda er al., 1975) thus
protecting the cell contents against release by the
extractant. This could explain the very small P flushes
observed in both soils when glutaraldehyde was used
as the biocide.

In both soils hexanol and B-propiolactone pro-
duced flushes of P which exceeded that of chloro-
form. Hexanol has not been widely used as a bac-
tericide or fungicide although it is recognised that the
effectiveness of aliphatic alcohols increases with chain
length and reaches a maximum at 5-8C atoms
(Hamilton, 1971). This trend in effectiveness was
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Fig. 2. Effect of biocides on the recovery of P from (a) Roseworthy and (b) Inman Valley soils amended
with labelled tryptic soy broth and incubated until microbial activity peaked. The extractant was 0.5 M
NaHCO, (pH 8.5).

evident in the data; observed P flushes increased
in the order—ethanol < propanol < hexanol. Hedley
and Stewart (1982) tested pure ethanol and propanol
as fungicides in soil and found them to be less
effective than chloroform. f-propiolactone is highly
active against vegetative bacteria, bacterial spores,
fungi and viruses (Hoffman, 1971; Phillips, 1977), but
it can also react with many complex compounds so
that non-biomass P could also be released. The
incubation technique with 3P labelling was adopted
to ascertain which of the biocides was most effective
in releasing biomass P only. The results for the
Roseworthy and Inman Valley soils are shown in
Fig. 2.

Recoveries of **P were lower from the Inman
Valley than from the Roseworthy soil. This can be
attributed to the greater *'P content and finer texture
of the former permitting greater isotopic exchange
and sorption respectively. In contrast to the data
for 3P no large P flushes occurred when

B-propiolactone was used. This suggests that a large
proportion of the observed *P flush came from
sources other than the added biomass. As
f-propiolactone hydrolyzes rapidly in water to form
hydracrylic acid, a proportion of the *'P released may
have originated in basic phosphates and been released
by dissolution. Ethylene oxide and methyl! bromide,
both commonly used for soil sterilization, were
ineffective in rendering biomass P extractable. Hexa-
nol and chloroform gave the largest flushes of *P:
differences between these two biocides and between
the vapour and liquid forms were insignificant. The
liquid forms of chloroform and hexanol were there-
fore chosen as the biocidal treatments for evaluation
of extracting agents.

Effectiveness of extractants

The recoveries of P by the different extractants
from the Inman Valley soil are shown in Fig. 3.
Results for the Roseworthy soil were very similar
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Fig. 3. Effect of extractants on the recovery of P from Inman Valley soil amended with labelled tryptic
soy broth and incubated until microbial activity peaked. Both hexanol and chloroform were used as
biocides.

except that recoveries were higher for the reasons
already noted.

The *P flushes extracted with 10 mm CaCl, were
small or insignificant. Williams and Sparling (1984)
also found CaCl, to be a poor extractant for detecting
P flushes from fumigated mineral soils. Both 50 mm
NaOH and 50 mm H,SO, were also unsatisfactory
extractants for detecting biomass P released by the
biocidal treatment.

The other extractants—30 mm NH,F + 0.1 m HCI,
0.5M and 0.1 M NaHCO, (pH 8.5) and HCO; resin—
all gave relatively low control values and large in-
creases in extractable P on treatment with chloroform
or hexanol. Hexanol produced greater P flushes
than did chloroform although the differences were
generally not significant. As chloroform is carcino-
genic and requires more care in handling than hexa-
nol, the latter was chosen as the biocide for all further
investigations.

Effect of extraction time

In initial studies, prolonged shaking times resulted
in large releases of P from live bacterial and fungal
cells. For example, increasing the shaking time from
30 min to 16 h increased the recovery of *'P, by 0.5 M
NaHCO, (pH8.5) from live fungal cells from
19.242.0% to 30.8£2.5% of total cell P. The
corresponding increase for bacteria was from
209+ 6.9% to 50.7 £2.2%. The effect of shaking
period on extraction of P from dead cells (i.e. those
treated with hexanol or chloroform) was insig-
nificant. The two published methods for measuring
biomass P (Brookes et al., 1982; Hedley and Stewart,
1982) differ in the duration of extraction used. Hedley
and Stewart (1982) found increased damage to live
organisms after prolonged extractions but this was
offset by greater release of P from chloroform-treated
organisms and they therefore recommended a 16 h
extraction. Brookes et al. (1982) found no increase in
P flush by prolonging extraction beyond 30 min. We
decided to use a 30 min extraction in this study
because: (a) longer times of extraction increased the

damage and extraction of P from live cells; (b) longer
times increase the background against which biomass
P is measured (Bowman et al, 1978); and (c) in
freshly-sieved field soils there is a greater risk of
microbial activity (stimulated by sieving) influencing
amounts of P extracted from unfumigated (control)
treatments when longer extraction times are used.

Correction for sorption

Attempts to correct for sorption of released *'P;
using P dilution were unsuccessful. There was no
significant advantage in constructing a sorption iso-
therm to correct for sorbed *'P;. In soils where a large
propertion of the released *'P, is in organic forms, as
found in this study, this correction can be regarded
only as a minimum value.

Calibration—K ; determination

Percentage recoveries of added microbial P from
the Roseworthy and Inman Valley soils are shown in
Table 2.

No reagent was clearly superior to the others
for extracting organic and inorganic P, but 0.5M
NaHCO; (pH 8.5) appeared to be the most effective
overall for the mixed populations of soil organisms
used.

Recovery of *'P, from fumigated bacterial cells was
generally much greater than from fungal cells. For
example, the recovery of bacterial P by the combina-
tion of hexanol and 0.5M NaHCO,; (pH 8.5) was
85.0+ 3.4, 61.8 +2.0 and 75.2 + 7.4% for the Rose-
worthy, Inman Valley and Mallala soils respectively.
The corresponding recoveries of fungal P were
48.1+6.1, 19.4 + 1.8 and 29.0 £+ 3.3%. In the ab-
sence of soil 93.4% and 48.2% of P in the Rose-
worthy bacterial and fungal populations respectively
was recovered.

The technique adopted in this study of using mixed
populations of organisms divided broadly into bac-
terial and fungal groups differs from previous in-
vestigations where individual species were chosen
(Brookes et al., 1982; Hedley and Stewart, 1982;
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Table 2. Percentage recovery of P from bacterial and fungal populations added to
soils and treated with hexanol. Values are the means of three replicates and are not
corrected for sorption

Bacteria Fungi
Inman Inman
Roseworthy Valley Roseworthy Valley
Extractant Percentage recovery
0.1 M NaHCO, P, 316+ 1.8 44+03 19.7+ 3.6 8.1+0.3
(pH 8.5) P, 70.5+35 66.1+14 37.7+68 9.54+04
0.5M NaHCO, P, 364+1.0 92+05 324+43 17.6 + 1.0
(pH 8.5) P, 850+34 61.8+20 48.1+6.1 194+ 1.8
HCOj resin P, 31.1 + 06 39+0.1 208+30 163412
P, ND ND ND ND

30 mm NH,F P, 76.64+3.0 201+1.0 238+02 335430
+0.1M HCI P, 8351423 262+04 348+08 32.1+21

(ND = not determined).

Strick and Nakas, 1984). The use of a soil inoculum,
broad-spectrum nutrient media and low incubation
temperatures encourages a response by a variety of
organisms. For example, the Roseworthy soil culture
contained a mixture of both Gram-positive and
Gram-negative bacteria (rods and cocci), while the
fungi were dominantly Mucor and Penicillium spp.
The proportions of each species in the population
were unknown but we assume that the microbial
population responded (qualitatively) in each soil as it
would do in the field after inputs of nutrients, e.g.
plant residues or substrates released on rewetting dry
soil. We feel this approach provides the best estimate
of K, factors until techniques are developed which
isolate live undamaged, uncontaminated organisms
from soil in sufficient quantities to allow accurate
calibration.

However, account must be taken of the relative
contributions which fungi and bacteria make to the
microbial biomass in calculating K, factors for soils
where recoveries of P from the two groups of or-
ganisms are significantly different. Fungi dominate
the microbial biomass in most soils, and although
ratios of fungal to bacterial biomass (F:B ratios)
may range between 1:1 and 11:1, values in the order
of 2:1 to 3:1 are common (Clark and Paul, 1970;
Shields et al., 1973; Anderson and Domsch, 1975;
Faegri et al., 1977). Arable soils have been found to
have slightly lower F:B ratios than soils under pas-
ture or grassland (A. West, personal communication)
therefore the ratios used for calculating K, were 3:1
for the Roseworthy and Mallala soils, and 2:1 for
the Inman Valley soil. The K, factors were for
Roseworthy 0.57, for Inman Valley 0.33, and for
Mallala 0.40.

Influence of plant root material

A significant increase in recovery of root P was
observed on treatment with hexanol (Table 3), al-

Table 3. Effect of hexanol on percentage recovery of *?P, from wheat
roots, and from soil amended with roots. The soil was sieved and
the roots removed by handpicking before the determination

Soils from which

Roots only roots were removed
Treatment Percentage recovery
Control 124 +22 17408
Hexanol-treated 334446 22406
2P flush +21.0%** +0.5N8

*+* _ Significant at P < 0.001. NS = not significant.

though the magnitude of the effect was smaller than
found previously with chloroform (McLaughlin and
Alston, 1985). Subsequent studies with chloroform
revealed that similar amounts of root P were released
by both biocides, so that the lower values obtained in
the present study may have been due to the younger
age of root material used (14 day vs 21 day).

Sieving and handpicking to remove roots from
root-amended soil eliminated errors associated with
the inclusion of root material in the sample. It should
be remembered however that organisms colonizing
the rhizoplane itself, e.g. endo- and ectotrophic
mycorrhiza as well as populations of bacteria, will be
removed by this treatment. Also, the labelled roots
were added to soil and not grown in situ. Thus none
of the labelled root material had penetrated aggre-
gates less than 2 mm diameter which would normally
contain (after sieving) root material impossible to
remove by hand.

Although prior incubation (Sparling et al., 1985)
or air-drying (McLaughlin and Alston, 1985) can also
decrease errors associated with the inclusion of root
material this may lead to changes in measured values
of biomass P.

Influence of prior incubation

Microorganisms respond quickly to changes in
environmental conditions so that the use of an incu-
bation period after sampling can greatly change any
indices of microbial activity (West et al., 1986).

In this study, significantly lower values were ob-
tained for biomass P when the soil samples had been
incubated (Table 4). This result agrees with that of
West ef al. (1986), although these workers also
altered the water potential of the soils before incu-
bation. By incubating the soil at its field water
potential and at 20°C (field soil temperature at sam-
pling was 14°C), we had hoped to minimize the effects
of prior incubation. It appears however, that the soil
must be fumigated and extracted immediately after

Table 4. Effect of prior incubation on measured
biomass P in the Mallala soil (K, = 0.40). Standard
error of mean difference shown in parentheses

Time of incubation Biomass P
(days) (ugg~' oven-dry soil)

0 25.63 (0.78)

12 17.30 (0.48)

32 19.12 (0.87)
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sampling if the values obtained for biomass P are to
reflect those which pertain in the field at the time of
sampling.

CONCLUSIONS

In the procedure finally adopted for measuring
biomass P, the soils were sampled, sieved (<2 mm,
hand picked to remove roots), and treated with
hexanol in the field. Control (non-fumigated) treat-
ments were shaken for 30 min at 20°C with 0.5M
NaHCO, (pH 8.5) as soon as possible after sampling
(<4 h) using a soil:solution ratio of 1:20. Hexanol
treated soils were extracted after 36 h fumigation and
24 h standing in a fume hood to allow evaporation of
hexanol. Total P, in filtered extracts was determined
and the P flush related to microbial P using a separate
K factor determined for each soil using mixed micro-
bial populations.

We believe the method described above gives a
more realistic measurement of P held in soil micro-
organisms at the time of sampling than methods
which use an incubation period before fumigation.
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Summary—The effect of plant material on measurement of P in the soil microbial biomass was evaluated using
32P-labelled and unlabelled wheat plants. Fresh root and shoot material released significant amounts of P to 0.5N
NaHCO, (pH 8.5) following CHCl, fumigation. Treatment with CHCI, released 13-20%; root P and 68-75% shoot
P where a 16 h extraction period was used. With a 30 min extraction, release was 399 for roots and 18] for shoots.
Calculations based on published values for rooting densities of field crops, show that significant errors in
determination of soil biomass P are likely to occur where the CHCl,; technique is used. Errots from inclusion of
root material in the sample can be minimized by extending the extraction time from 30 min to 16 h.

INTRODUCTION

The concept that the soil microbial biomass is a labile
component of soil organic matter (Jenkinson and
Ladd, 1981) has stimulated the development of bio-
chemical techniques to measure nutrients held in this
pool. Phosphorus held in soil microorganisms is
usually estimated by equating the increase in amount
of some soil P fraction following the application of a
biocidal treatment, to that held within the cells. Since
Birch (1961) first proposed the use of CHCI, as a
biocidal agent, a number of workers have utilized
CHCl, fumigation to estimate biomass P (Chauhan et
al., 1979; Cole et al,, 1978; Stewart et al., 1980;
Williams and Sparling, 1984). Two standardized
methods have been proposed (Brookes et al., 1982;
Hedley and Stewart, 1982), in which microbial P
released after CHCI, fumigation is extracted using
0.5N NaHCO, (pH 8.5). It is assumed that only
microbial P is released by the CHCI; treatment.
However, Birch (1961) appreciated that plant
material may also be affected by CHCI, treatment,
and hence overestimates of soil biomass P could
result. We have investigated the extent to which the
presence of plant material might affect the values
obtained for biomass P in soils.

MATERIALS AND METHODS

Soils
The soils used are described in Table 1. Surface

soils (0-10cm) were hand picked to remove large
pieces of plant material and earthworms, and were
sieved (<2 mm). They were held for 16 days at field
water content in drums containing soda lime, and
then stored for 4 weeks at 2°C as recommended by
Brookes et al. (1982). Before use, stored soils were
maintained at 20°C for 24 h.

Plant materials

Wheat seedlings were grown in solution culture
using a solution based on that of Johnson er al.
(1957). The solution supplied N (16 mmol), P
(200 umol), K (6.05mmol), Ca (4mmol), Mg
(1 mmol), S (1 mmol) and all essential micronutrients.
Continuous stirring was effected through aeration,
and solution pH was adjusted daily to 6.0 using
Ca(OH),. Isotopically-labelled plant material was
obtained by adding 925 kBq carrier free *P 17! to the
solution giving a specific activity of 149 MBq P g~'
3P, Plants were grown at a constant 18°C, photo-
synthetically active radiation was 500 uE m~?s~' for
15h day~', and relative humidity was 75% (day) and
90% (night).

Fumigation treatments

The plants were harvested after 20 days and
separated into roots and shoots. The shoot material
was cut into 1.5 cm lengths, washed with water for
5min and blotted dry. The fresh material was either
immediately fumigated according to the method of
Brookes et al. (1982), or added to field moist soil

Table 1. Description of soils

Roseworthy Inman Valley

Sand (%) 88 51

Silt (%) 1 28

Clay (%) 5 21

pH,, (1:5) 8.5 6.0
Gravimetric water content at —66 kPa (%) 7.6 22.4
Organic C (%) 0.73 2.8
Organic N (%) 0.09 0.25

P, extracted by 0.5~ NaHCO,, pH 8.5 5.5 2.9

(g g™
Land use

Cultivated wheat-fallow

Native pasture
rotation
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(20mg g~' oven-dry soil) before fumigation. When

this procedure was used with roots variability in *’P
among replicates was large. Accordingly, individual
mtact {resh roots were counted with the roots sus-
pended in deionized water (Martin and Cunningham,
1973). This method measured 90.1 + 4.3% of the total
root P determined by the normal wet-digestion
procedure. The intact root was then immediately
fumigated or added to the soil and fumigated as
above. Thus the cxact amount of *I in each section
of root added was known.

To determine the effect of drying, separate portions
of root and shoot material were dried at 50°C for 24 h
before being treated as described above for fresh
shoots. The rates of addition were 3 mg dry shoot or
1 mg dry root g~' oven-dry soil.

Extraction

Plant materials and amended soils (equivalent to
5 g oven-dry soil) were extracted by 0.5 N NaHCO,
(pH 8.5) for 16 h at 20°C using a soil-to-solution ratio
of 1-t0-20. A 16 h extraction was chosen, rather than
the 30 min period used by Brookes er al. (1982), as the
longer time has been reported to increase the
efficiency of microbial P extraction from soils (Hedley
and Stewart, 1982). As absolute values for biomass P
were not required, no correction for P fixation was
performed. Results are therefore
chloroform-released P rather than microbial-biomass
P. All determinations were performed in triplicate.

exprpccpr‘ ag

5500 ds

Analysis

The contents of *'P and *P in the plant materials
were determined after wet digestion with nitric and
perchloric acids in the presence of MgCl, to prevent
volatile losses of P or its conversion to forms other
than orthophosphate (Brookes and Powlson, 1981).
Inorganic *'P (*'P,) was measured in the extracts using
the automated method of Colwell (1965). The
amounts of *P were determined by Cerenkov count-

ing. All counts were corrected for quenching and
decay, and were converted to Bq.

RESULTS

Effect of fumigation on recovery of plant **P

CHCl;  fumigation  increased  bicarbonate-
extractable P from both fresh root and fresh shoot
materials (Table 2). The percentage increase in
plant P recovery following CHCI, treatment was
greater for shoot (+62.8+3.3%) than for root
(+13.2 4+ 2.2%) material. Almost 90% of the total P
in fumigated shoot material was extractable with
bicarbonate solution. The amount of P extractable
from dried material was not significantly increased by
CHCI; fumigation; all shoot P (103.4 + 7.3%) and
two thirds of root P (66.5 1 4.2%) was extractable in
bicarbonate solution.

Effects of fumigation on recovery of plant **P from
soils

CHCI, fumigation significantly increased the re-
covery of *P from incorporated fresh shoot material
in both the Roseworthy (+48.6 + 6.3%) and Inman
Valley (+30.0 £+ 1.9%) soils (Table 3).

When dried plant material was used, the CHCI,

3 v of 32p
treatment again had no effect on recovery of *P.

Effect of added plant material on CHCly-released *' P

Analyses  for  bicarbonate-extractable  °'P,
confirmed the results obtained with radiophosphorus
(Table 4). Addition of fresh root material increased
the net release of *'P, by CHCI, fumigation but
differences were not significant (P < 0.05). Addition
of [resh shoot material however produced large in-
creases in extractable P in soils at the rates of addition
used. Drying of the materials before addition again
reduced the effect of CHCI; to insignificant levels
(results not shown).

Table 2. Percentage recovery by bicarbonate extraction of total P from unfumigated and
CHCl,-fumigated plant materials

Material
Fresh roots Fresh shoots Dried roots Dried shoots
Treatment (intact) (cut) (cut) (cut)
Unfumigated 48,7 24.9 66.5 103.4
** *Ek NS NS
Fumigated 61.9 87,7 61.8 108.4

NS = Not significant,

*#, #% %k Diflerences between fumigated and unfumigated materials significant at P < 5, 1 and 0.1%

respectively,

Table 3. Percentage recovery by bicarbonate extraction of *P from unfumigated and CHCI,-fumigated plant materials added

to soils
Material
Fresh roots Fresh shoots Dried roots Dried shoots

Soil Trealment (intact) {cut) (cut) (cut)
Unfumigated 39.6 23.6 59.8 85.2

Roseworthy NS o NS NS
Fumigated 47.0 72.2 52.0 83.7

Unfumigated 20.9 6.9 24.0 45.2

Inman Valley NS Lt NS NS
Fumigated 22.1 36.9 26.2 42.8

NS = Not significant.

*, %, *** Differences between fumigated and unfumigated materials significant at P < 5, 1 and 0.1% respectively.
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Table 4. Extractable *'P; and percentage 3'P recovery from unamended (control) soils, and soils to
which fresh root or shoot material was added

Recovery of 3P, released’
3p, 3P, added by fumigation
Soil Treatment (ugg™" %) (nge™")
Roseworthy Unfumigated: control 5.5
+roots 8.6 35.8
+shoots 15.2 26.7
Fumigated: control 7.2
+roots 11.0 43.4
+shoots 35.2 77.1
Control [.7a
+ Roots 2.4a
+Shoots 20.0b
Inman Valley Unfumigated: control 2.9
+roots 39 11.4
+shoots 4.2 3.7
Fumigated: control 7.2
+roots 9.6 27.0
+shoots 234 44.3
Control 4.3a
+ Roots 5.7a
+Shoots 19.2b

'As CHCly-released P is itself a mean difference, a modificd f-test was used. Means followed by
different letters are significantly different at the 0.1% level of probability.

Effect of extraction time

In a separate experiment with fresh unlabelled
materials, the effect of extraction time on release of
P from plants following CHCI, fumigation was deter-
mined. With a 16 h extraction, release of plant *'P; by
CHCl, fumigation was similar to that found using
2P.labelled materials: roots +19.8 +4.9%, shoots
+757+3.1%. However a shorter extraction
(30min) caused greater release of root P
(+38.5+5.7%) and smaller release of shoot P
(+18.0 £2.9%).

DISCUSSION

It is evident that values obtained for P in the
“microbial biomass” using the CHCI, fumigation
technique can be affected by the presence of plant
materials in the soil. The errors introduced were
greater with plant shoots than with roots when a 16 h
extraction was used, while the converse was true
when the extraction time was 30 min. The smaller
release of P from shoots after CHCI, treatment using
the 30 min extraction appeared to be due to the
hydrophobic nature of the plant cuticle, which pre-
vented the extractant from effectively penetrating the
tissue. Longer extraction times seemed to overcome
this problem, as the plant tissue was fully “wetted”
after 16h extraction. The comparatively small P
release from fresh roots by fumigation where the 16 h
extraction was used can be attributed to greater
release of P from the unfumigated controls.

Birch (1961) noted that plant materials exposed to
CHCI, vapour exhibited greater P extractability than
intreated controls and direct evidence recently ob-
ained by Martin and Foster (1985) confirms that
hloroform completely disrupts root cells by lysing

toplasmic membrane systems. Birch (1961) utilized
moistened dried materials, and non CHCl,-treated
ntrols were extracted immedialely following the
lition of plant material. The increase in P extract-
lity on fumigation was attributed to plant enzyme

activity or diffusion of P; during the 24 h of the CHCI,
treatment. In our study, untreated controls were
kept moist in a desiccator for the same period as
CHCl,-treated samples (24 h). Therefore any increase
in P extractability must be due to the effect of CHCI,
alone on the plant cells. The only assumption made
is that P held in microorganisms (and therefore
susceptible to CHCI,), situated both in and on the
plant root or shoot surface, is negligible compared to
total P within the plant material itself. Although no
figures are available in the literature to verify this
assumption, the vigorous washing of the materials
before use would have minimized this source of error.

The effect of drying of the plant materials prior to
fumigation increased the P extractability of un-
fumigated controls, with all shoot P and two-thirds
root P being extractable following the drying treat-
ment. This result agrees with those of Martin and
Cunningham (1973) who found desiccation to be the
major factor affecting the water solubility of P in
plant roots. Their results indicated approximately
509 root P became extractable (in water) on drying.
Similarly Bromfield and Jones (1972) found water-
soluble P in shoots to be up to 80%; total P in “hayed
off” pasture species. As 0.5N NaHCO,; is a slightly
stronger extractant than water, especially for labile
organic P species, we would expect greater extraction
of P, as indeed was found in this study.

In terms of measuring biomass P in soils, therefore,
the prior treatment of the soil has an important effect.
The drying, grinding and preliminary incubation of
soils recommended by Hedley and Stewart (1982)
before CHCI, treatment should prevent errors arising
from inclusion of plant material in the sample, but
may cause large qualitative and quantitative changes
in the biomass. The method of Brookes et al. (1982)
utilizes undried soils, so that errors may arise from
the presence of fresh plant material. The size of the
error will depend on the amount of plant material in
the soil and the efficiency with which the material can
be removed before fumigation.

In terms of field soils, the errors are large enough
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to warrant concern. Published values for rooting
densities under crops and forests vary widely from 0.1
to 12.0mg dry root g~' soil (Lupton ef al., 1974;
Lynch and Panting, 1980), but generally values fall
within the range 0.3 to 2.0 mg root g~' soil (Trough-
ton, 1957; Persson, 1983). Assuming that plant roots
contain 0.1% P, the upper limit for root bound P in
soils would be approximately 10 ug P g~' soil. If we
assume that a maximum of 40%; of this is released by
CHClI, treatment then 4 ug P g~' soil would be the
maximum error involved. Published values of total P
in soil biomass vary from 5 to 100 ug P g~' soil
(Brookes et al., 1984) which relate to values of 2 to
40 ug P g' soil for CHCl;-released P if k,=0.4. If
we assume that P released from plants and micro-
organisms is sorbed to a similar extent during the
extraction process, significant errors in measurement
of P in soil biomass are likely when plant material is
included in the sample. Longer extraction times will
reduce the error involved for roots, but increase that
for shoots. Complete removal of all plant material
from a soil sample is virtually impossible without
resorting to destructive techniques (e.g. washing).
Hand sorting of samples will remove a large popu-
lation of microorganisms associated with the plant
materials (Martin and Foster, 1985). It appears there-
fore that errors due to plant material in soil biomass
P measurements are inevitabie using current meth-
odology. Asamounts of fresh shoot material in soils
are generally low (except under special circumstances
such as green manuring or incorporation of residues)
a 16 h extraction period as proposed by Hedley and
Stewart (1982) is recommended to minimize errors
due to included root material.
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