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INTRODUCTION

e ety

Seversl investigators have shown that organic phosphorus
vrdergoes mineralization when soils are incubated. This evi-
dz=nce, however, is not sufficient to establish the importance
&% organic phosphorus in the phosphorus nutrition of plants.
Escently for alkaline soils a fraction of organic phosphorus
messured in the laboratory was found to be correlated with

eztimates of soil phosphorus availability obtained in the

greenhouse,

The first objective of the work described in this thesis
QSS to obtain estimates of soil phosphorus availability by
applying a new greenhouse technique. The second objective
was to find a proper laboratory method to evaluate minerali-
zztion of organic phosphorus during incubation. If these
mezsurements ofrmineralization of soil organic phbsphorus
during incubation are found to be correlated with estimates of
soil punosphorus availability, additional evidence will have
teen obtained for the importance of soil organic phosphorus

+s plant growth.



REVIEY OF LITERATURE
Introduction

- More than a century ago lfulder (1844) found that a part
of soil phosphorus is present in organic form. Since that
time research on organic phosphorus has been conducted in
several directions. The problem of correctly determining
the total amount of organic phosphorus has received much at-
tention in the past and is still attracting the attention of
present-day soil analysts. Closely related to this problem
is that of separating and identifying different constituents
of soil organic phosphorus. The resulﬁs obtained in this
field thus far have not provided a clear picture as to the
forms in which soil organic phosphorus exists. At present
the only constituents of soil organie phosphorus shown with
reasonable certainty are phytin and its deriv;tives. The
lack of consistent information has hampered progress in other
phases of research on soil organic phosphorus. If the forms
of organic phosphorus in the s0il were definitely known, it
might be possible to investigate more efficiently the problem

of mineralization of soil organic phosphorus.

4 comparison of cultivated soils with corresponding
virgin soils {Pearson and Simonson, 1940) showed that the

guantity of organic phosphorus is lower in the former than



in the latter, indicating that organic phosphorus is sub-
ject to mineralization. In general, unier field conditicns
mineralization of orgesnic phosphorus appsars to proceed
more rapidly in alkaline soils (Thompson et al. 1954) than

in acid soils at equal "evels of organic carbon.
Soil Orgenic Phosphorus Fractionation

A search for the possible availability of organic
pkosphorus and an evalustion of this availability, if found,
are logical consequences of the aforementioned findings.
Pierre and Parker (1927) found organic phosphorus as well
as inorganic phosphorus in water extracts of soil, but plants
absorbed oﬁly the lnorganic phosphorus during a 24-hour per-
iod. Rogers et al.(1941) grew plants in a culture solution
that contained organic phosphorus extracted from soil by 0.5
N ammonium hydroxide.& They found that after a l2-hour ab-
sorption period the concentration of the ammonium hydroxide-
soluble organic phosphorus in the culture solution was re-
duced from 3.35 to 1.89 p.p.m. The observation that during
the same period no increase in inorganic phosphorus was ob-
tained led these investigators to infer that the organie

phosphorus compounds were absorbed as such, without beirg

mineralized prior to absorption.

Vincent (1937} reported that the amount of organic phos-

phorus extracted from the soll by a 2 percent citric aciad



sclution decreased during growth of a crop on the soil.

This work provided the first indication of the availabil-

ity of soil organic. phosphorus in situ.

Chirikov and Volkova (1941) divided the total soil
phosphorus into five fractions on the basis of solubility
in different chemical extractants. Three fractions were
made up of =20il phosphorus soluble in solutions of aclds of
increasing strength. The fourth fraction, soil phosphorus
soluble in 0.2 N sodium hydroxide or ammonium hydroxide,
contained most of the organic phosphorus. In.none of the
experiment s, in which oats were used as & test crop, was
this fraction of any significance as an indicator of scil

phosphorus availability.

Williams (1950) used the same approach but applied dif-
ferent extractants. In none of his experiments could he
find a significant decreass in the amount of soil organic
phosphorus soluble in 0.1 N sodium hydroxide. This frac-
tion contained a 1afge portion of the total organic phos-
phorus. Williams' approack involves the assumption that ex-
traction before and after absorption by the crop brings out
the same phosphorus with the exception of that which has

been absorbed by the plants.

Recently Semb and Unlen (1955) obtained a significant



correletion between plant-response estimates of zhosphorus

do
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availability and total soil organic phosphorus in s

with a pH higher than 5.5.

The accumulated knocwledge of the behavior ¢ soil
organic phosphorus is thus conflicting. A better under-
standing might bs obtained if other factors whicz pessibly
influence the mineralization of soil organic phcszzorus re-

ceive proper attention.

Effect of Temperature on llineralizatio=zn
of Soil Organic Fhosphorus

Other workers showed that soil temperature is zn im-
portant factor in the mineralization of soil orgzzic phos-
phorus. Knowledge of the change in mineralization with a
change in soil temperature mlgnt aid in predictinz the im~

portance of organic phosphorus to plant growth. Trtompson
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n
+
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and Black (1947) incubated three virgin Iowa so
week at temperatures ranging from -14° to 15000. in increase
was found in inorganid phosphorus soluble in 1 I suifuric

acid as a result of incubation at almost all temperztures.

Only at temperaturss below 5000, however, was there zn agree-
ment between the values obtained for increase in sziractable
inorganic phosphorus and those for decrease in crzzzic phos-

phorus, Above 50°C the solubility of the inorgszic phos-

phorus apnnarently increases during incubatiocon.



Bower (1949) incubated samples of four corresponding
cropped and virgin JIowa soils for 30 days. The amount of
organic phosphorus mineralized during the incubation period
was considerably higher for the virgin soils than for the
cropped soils. Samples incubated zt 35°C gave a much higher

rate of mineralization than samples incubated at 2500.

In incubation experiments withk Prasirie soils at ordin-
ary temperatures the major part of the organic phosphorus
is resistant to mineralization during even prolonged incu-
bation periods. Thompson and Black {1947) found that soils
incubated at 30°C for 7 days released as much inorganic
phosphorus as did soils incubated for periods of 30 and 90
days. Different results recently were obtained with peat
and muck soil by McCall et al. {1556). In their experiments
a steady mineralization of organic phosphorus was found over
a period of 4 months. Moreover, tke rate of mineralization
increased with increésing amounts of monocalcium phosphate
added to the samples prior to incubation., The samples were
kept at moisture equivalent and 27°c. 1In some soils no organ-

sphorus wa e after a 4-month incubati iod.
ic phosypi was left after 4 % bation period

Hayashi and Takijima (1955c} izmcubated two soils with
unusually high amounts of organic chosphorus (1420 p.p.m. and
. 3950 p.p.m.) for 2 weeks at 27°C, During this incubation

perioé 2C p.p.m. of organic phospicrus were mineralized. To



some samples tartrate and citrate were added before incuba-
tion., These additions resulted in an increase in orgznic
phosphorus mineralized during incubation. The amounts of
organic phosphorus mineralized in samples to which tarirate
and citrate had been added were 60 p.p.m. and 80 p.p.z.
respectively. In another experiment (1955a) these sa=e in-
vestigators found more organic phosphorus mineralized during
incubation in flooded soil samples than in corresponding

samples held at 60 percent cf water-holding capacity.
Importance of Soil Organic Phosphorus to Plant Growth

In none of the aforementioned incubation experiments 4did
the investigators attempt to correlate the amount of organic
phosphorus mineralized with the phosphorus available to plants.
Working with radioactive phosphorus, Goring and Zoelliner
(1955) found a significant dependence of phosphorus available
to soil organisms on both inorganic phosphorus extracted by
the method of Bray and Xurtz (1945) and organic phosphorus
synthesized during incubation. They suggested that the sig-
nificance of organic phosphorus synthesis might result from
a correlation between synthesis and mineralization. They
found a significant correlation between phosphorus aevzila-
bility according to the technique of Fried and Dean (1§52)

and inorgenic phosphorus extracted by the Bray and Xurtz

method.



No significant correlation between phosphorus availa-
bility and orgesnic phosphorus synthesized was obtained.
They suggested that the greater importance of organic phos-
phorus in predicting the availability of phosphorus to soil
organisms than to plants may have been associated with great-
er utilizatior of mineralized phosphorus by soil organisms

than by plents.

Eid (1950) and Eid et al.(1954) attempted to relate
various fractions of soil organic phosphorus to socil phos-
phorus availability. They separated the soil organic phos-
phorus into three different fractions. The first fraction
consisted of the organic phosphorus soluble in 1 percent
potassium carbonate solution and hydrolyzed by hypobromite;
the second fraction contained the organic phosphqrus soluble
in the potassium carbonate solution and not hydrolyzed by
hypobromite; the third fraction was made up of the organic
phosphorus inscluble in the potassium carbonate solution.
Besides these three fractions of organic phosphorus they de-~
termined the inorganic phosphorus extracted by tThe method
pronosed by Bray and Kurtz (1945). Corn was grcwn in the
greenhouse on w0 sSeries of Iowa soils with a wide range of

o
inorganic and organic phosphorus, at soil temperature of 20 C

o . . T en
and 35°C. One series consigted of acid solls, snd the other

consisted of zlkaline soils, The phosphorus availability



wgs estimeted 1In each soll at each temperature from the corn
yvields by the lditscherlich equation (1930). Xultiple-Te-
gression eguations were calculated to obtain an estimate of
the dependence of soil phosphorus available to plants upon
each of the four phosphorus fractions. In most of the e x~-
periments a significant correlation between extracted inor-
ganic phosphorus and estimates of soil phosphorus availabil-
ity was found. For both the acid and alkaline soil series
the organic fraction extracted by the potassium carbonate
solutisn and hydrolyzed by hypobromite also was of gignif-
icance to plants grown on soils with a temperature of 35°C.

The other two organic fractions were of no significance,

In an attempt to verify Eid's results the author (1955)
failed to find any appreciable amount of the socll organic
phosphorus soluble in a 1 percent potassium carbonate solu-
tion that could be hydrolyzed by hypobromite. He modified
Eid's procedure in such a manner that a 1 percent potassium
carbonate -2 percent sodium hydroxide solution was used as
an extractant. 4 part of the organic phosphorus thus re-
moved was hydrolyzed by hypobromite, and this fraction was
used for caleculating multiple-regression eguations similery
to those calculated by mid. The estimates of soil phos-
phorus availability obtained by Eid were used as dependent

variables for the new equations. Additional mulitiple-re-
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gression equations were calculatedéd in which the estimates

of soil phosphorus availability were the same as those used
above but in which the independent variables were inorganic
phosphorus minerszlized in moist sz=ples of soil during = 2-

day incubation period at 45°C.

The phosphorus availability in the group of alkalins
soils was found to be correlated with both fractions of or-
ganic phosphorus under considerzstion. In addition, the frac-
tions were correlated with each other., 3Since the amount of
organic phosphorus mineralized during incubation was smaller
than that extracted by the potassium carbonate-sodium hy-
droxide solution and hydrolyzed by hypobromite, there is
some evidence to indicate that the organic phosphorus con-

tained in the former reaction is in fact a part of that con-

tained in the latter.

Soil Organic Phosphorus Hineralization
as Affected by Enzymatic Activity
Little is known about the mecikznism of mineralization
of organic phosphorus and it must te borne in mind that the
net mineralization which is measured is the difference be-
tween synthesis of organic phosphorus and mineralization of
organic phosphorus. There are inZications that this miner-

alization is brought about at lezst pzrtly by enzymes,
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Bower (194%) added enzymes to different fractions of organic
phosphorus extracted from soil by a 2 percent sodium hydrox-
ide solution. He observed that the fraction precipitated
by calcium hydroxide was readily mineralized by bran extract
which contains the phytase enzyme, but not by corn roots,
which are free of phytase, On the other hand, the fraction
of organic phosphorus which passes into the filtrate from
the calcium precipitation was mineralized by bran extract

and corn roots, both of which contain the nuclease enzyme.

Hayashi and Takijima (1955a) extracted soils with al-
kalli extractants of increasing strength. Aliquots of the
diluted extracts were incubated with and without phosphat-
ase obtained from rice bran. After 21 days of incubation
at 27°C, the mineralization in samples without phosphatass
ranged from O to 17 percent of the total organic phosphorus
present initially. After 16 hours of incubation at 2700
the mineralization ipn samples with phosphatase ranged from
O to 16 percent of the total organic phosphorus present.

In both cases the amounts of organic phosphorus mineralized
during incubation increzsed with the strength of the alkalil

extractant.

Jackman and Black {1552) determined the hydrolysis
of native soil organic phosphorus in gitu by added phytase

on soils brought from the field and tested without previous
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drying. Hydrolysis of soil organic phosphorus by added
phytase could not be detected, although added phytate
phosphorus was hydrolvzed considerably by phytase. The
limited solubility of native soil phytates was found to be
a more likely fector in limiting the hydrolysis rate of

soil phytate phosphorus than phytase activity.

Hayashi and Takxijima (1955b) observed that soil or-

- ganic phosphorus hazd decreased at a faster rate in samples
of so0ils on whieh pizants had been grown than in samples of
the same soils without vegetation. They thus supplied evi-
dence that living roots affect the mineralization of organic

phosphorus.

Rovira (1956} gzrew plants in acid-washed quartz sand
to which a complete nutrient solution had been added. After
2 and 3 weeks the rocois and sand were rinsed with distilled
water, All washings were collected, combined, centrifuged
free of root debris and concentrated under vacuum. The con-
centrated extract wzs added to soils which, after 14 days
at 2400 and fielé capacity, were analyzed for extractzble
inorgenic phosphorus. No increase in inorganic phosphorus
was found in those szmples to which the extract had been
added. Consequentliy, if the washings removed any enzymes
from the roots anéd the sand, these enzymes did not bring
about any minerslizztion of organic phosphorus during incu-

bation.
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More work will have to be done before any definite
statements on the role of enzymes in soil organic phos-
phorus mineralization caen be made. As in other aspects of
the problem on mineralization of soil organic phosphorus,
experimental conditions approaching the natural ones probab-

ly will yield the most nearly valid results.
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RELDSINARY INVESTIGATIONS
Introduction

%hen soils are incubated to determine the amount of
organic phosphorus mineralized during a certain incubation
period at a certain temperature, the mineralization of or-
ganic phosphorus msy be estimated in two different ways.
The first one is the difference in inorganic phosphorus
extracted from incubated and nonincubated samples. When
an increase is found in extractable inorganic phosphorus
in incubated samples over that in nonincubated samples, the-
difference is assumed to be the result of mineralization
of a part of the organic phosphorus. A second estimate of
organic phosphorus mineralization may be derived from the
difference in content of organic phosphorus in soil before
and after incubation. A decrease in extractable organic
phosphorus in incubated samples compared with nonincubated
samples is assumed to be the result of organic phosphorus

mineralization during incubation.

In both methods, however, several factors mey influence
the results soc tThat the estimates of incrszse in inorganic
phosphorus and decrease in organic phosphorus upon incuba-
tion may not be unbizsed estimetes of orgenic phosphorus

mineralization during incubation.
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In gezerel, any measurement of the increase in inor-
ganic pkczphorus as a result of incubation will be an esti-
8 of tze summation of {(a) the organic phosphorus min-
eralized Zuring incubation, (b) the organic phosphorus hy-
drolyzed Zuring extraotion, and (c) the change in extrac-
tability of inorganic phosphorus during incubetion. A de-
crease Iz organic phosphorus will be an estimate of the
summatior of the same three factors plus the change in ex-
tractabitity of organic phosphorus &uring incubation.

- Since ths interest lies in mineralization of organic phos-
phorus as =z factor causing an increase in extractable in-
organic pnosphorus and a decrease in extractable organic
phosphorzs, the effects of the other factors should be mip-

imized.

When weak acids and alkalies are used as extractants,
the probzbdility that a fraction of the organic phosphorus
is hydrcizzed by tlese extractants is relatively low. On
the other nand, the solubility of soil inorganic phosphorus
in these zxziractants might change as a result of incubation.
If this czznge involves an incsrease in soluble inorganic
phosphor=s, it will lead to an overestimation of ths amount
of orgezic phosphorus mineralized during incubation when

the lettzr is estimated by the increase in extractable in-

organic zZosphorus upon incubation. However, any change
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in solubility of soil inorganic vhosphorus during incuba-
tion will not bias the estimate of the amount of organic
phosphorus minerelized during incubation, if the mineral-
ization is estimated by the decrease in extractable organic
phosphorus upon incubation. On the other hand, if the sol-
ubility of organic phosphorus changes as a result of incu-
bation, this change will not bias the estimete of the amount
of inorganic phosphorus mineralized during incubation when
the amount mineralized is estimated by the increase in ex-
tractable inorganic phosphorus upon incubation. But any
increase in soiubility of organic phosphorus during incu-
bation would lead to an underestimation of the amount of
the organic phosphorus mineralized when the mineraliza-
tion is estimated by the decreass in extractable organic

phosphorus resulting from incubatioszn.

A possible hydrolysis of organic phosphorus during ex-
traction would result in an underestimstion of the amount
of orgarnic phosphorus mineralized during incubation, pro-
vided the nydrolyzed fraction of organic phosphorus is in-
cluded in the fraction of organic phosphorus mineralized
during izeubation., Such hydrolysis would affect estimates
obtained from measurements of the incrsase in extractable
inorganic phosphorus as well as the d=screase in extractable

organic rkcsphorus,
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The fractions of both inorganic =nd organic phospho-

which are not soluble in strong acids and alkalies zre

t
tn

expected to undergo any change in resistance to solu-

<

)

t

fete:
~ion as a result of incubation. Therefore, when strong ex-
trzctants are being used, the data for mineralization of
crgzpic phosphorus are not likely to be affected by chanzes
iz solubility of inorganic and organic phosphorus during
Incubation. On the other hand, the probability that orgesn-
Z2 phosphorus will be hydrolyzed during extraction increases
with the strength of the extracting solutions. Hence on
tks basis of these considerations it appears that unless
some means can be found to obviate the possible sources of
error the most suitable extraction procedure will represent

2 compronise that minimizes the net error.

Methods of Soil Extraction

During the period that a greenhouse experiment was con-

Zucted to obtain estimates of phosphorus availability in

ok

tre soils used in this investigation {see next section),

zzzples of these soils were incubated in the greenhouse.

—-

ls in which the crop

(N

T“ze s0il samples and corresponding so

Tsw were thus exposed to the sem perature fluctuations.

[\
ct
aQ
=4

Zstimates of the amount of organic phosphorus mineralized

Zuring the growth neriod of the crop could be obtained oy

czrrying incubated and nonincubated samples through the szame

zxiraction procedure after the incubetion period. It was

-
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decided to extract inorganic phosphorus in the manner de-
scribed by Mehta et al.(1954) in their method for determin-
ing total organic phosphorus in soils. In this procedure

1l - gm. samples of s0il are extracted with 10 ml. of con-
centrated hydrochloric acid on a steam plate in such a way
that after 10 minutes the extract has reached a tempera-
ture of 70°C. Another 10 ml, of hydrochloric acid ars
added to the sample bottles, and the latter are allowed to
stand at room temperature for 1 hour. After that the con-
tent of the bottles is transferred to a Whatman No., 44
filter paper, and the filtrate is collected in a 500 - ml,
volumetric flask, The soil on the filter paper is washed
several times with 1 N hydrochloric acid, and the washings
are collected in the volumetric flask. The extract 1s made
up to volume, and inorganic orthophosphate in the extract

is determined colorimetrically as described in the next

section.

When the mineralization of organic phosphorus in the
samples of soils incubated in the greenhouse was estimated
by the concentrated hydrochloric aeid extraction method,
the apparent mineralization was found to be relatively
small and in some instances wzs negative, as can be seen in
Tables 7 and 10. From these results the idea arose that

possibly a part of the organic phosphorus which is mineral-

ized during incubation is hydrolyzed by the concentrated
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hvdrochloric acid in nonincubated samrples, in which case
mineralization of organic phosphorus during incubation
confounded with hydrolvsis of organic phosphorus during ex-
traction. If all the organic phosphorus mineralized during
incubation were hydrolyzed by the concentrated hvdrochloric
acid in nonincubated szmples, no difference would be found
between the amounts of extractable inorganic phosphorus in
incubated and nonincubated samples. The frequent negative
results can be accounted for on the basis that the experi-
mental error of the mineralization measurements is relative-
lyv high because the mineralization is estimated by the dif-
ference between two lsrge numbers. The high error will re-
sult in the estimation of small positive changes as nega-

tive changes in some instances.

As stated before, hydrolyslis of organic phosphorus by
extractants can probably be minimized by using weak ex-
tractants. DBower (194} and Thompscn and Black (1947) used
1 N sulfuric acid and van Diest (1955) used 1 X hydrochloric
acid. ‘Y ith both extractants there is a possibility that
the solubility of inorgarnic and organic phosphorus increases

as a result of incubation, as was explained before,

To investigate possible changes in phosphorus solu-
bility during incubatioz, szmples of two alkaline soils znd
two acid solls were selected. One-gm. samnles of these
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soils were incubated for 1 week at BOOC. After this incu-
bation period the amounts of inorganic phosphorus extrac=-
ted by 1 N sulfuric acid and 1 N hydrochloric acid wers
determined and compared with the amounts extracted from
nonincubated samples (Table 1). After these extractions
the soil samples were dried and extracted with concentrat-
ed hydrochloric acid and 0.5 N sodium hydroxide, according
to llehta et al. (1954). If the phosphorus solubility in

1 N acids does not change during incubation, the amounts
of inorganic phosphorus not extracted by the strong acid
and alkali should be the same for incubated and nonincubated
Table 1. Inorganic P extracted from incubated and nonincu-

bated soils by two different weak acid extractants
after an incubation period of 1 week at 50°C

Phogsphorus extracted from soil,p.p.m.
1 N HCl as ex- 1 N HpS04 as ex-

Soil tractant tractant

No. Soil type pH 1Inec. Noninec. Ine. Noninec.

F 2863 Grundy s.l.° 6.3 517 490 549 524

F 2868 Harpster s.c. 3
loamP 7.5 562 477 568 469

F 2880 Ida s.l. 8.0 667 651 678 666

F 2884 Lindley s.l.
subsoil 6.5 400 401 424 435

85ilt loam

bsilty clay loam
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samples of the same soil, provided that {a) the concentrated
acid and alkali do not hydrolyze any organic phosphorus not
extracted by the weak acid, (b} the extractability of in-
organic phospnorus by concentrated hydrocloric acid and 0.5
N sodium hydroxide is not affected by incubation, (c) none
of the inorgznic phosphorus which originated from minerali-
zation of organic phosphorus during incubation reacts with
the soil in such a way that it becomes insoluble in the

weak gcid extractant.

In respect to the first condition, if a part of the
organic phospnorus that is minerslized during incubation
is hydrolyzed in nonincubated samples by the strong acid
and alkali, then the amount of inorganic phosphorus ex-
tracted by the strong acid and alkali will be larger in
nonincubated tran in incubated samples. ZRegarding the sec-
ond condition, a decrease in extractability of inorganic
phosphorus by the strong acid and alksli as a result of in-
cubation would have the same effect; that is, it would
cause the amocunt of inorganic phosphorus extracted by the
strong acid zz4 alkali in nonincubated szamples to exceed
that in incubzved samples. On the other hand, an increase
in extractebility of inorganic phospvhorus would have the
opposite effect. As for the third ccndition, if a fraction

of the inorgzzic phosphorus which originated from minerali-
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zation of organic phosphorus during incubation becomes in-
soluble in the weeak acid, it will probably be extracted

by the strong acid and alkali, causing the amount of in-
organic phosphorus extracted by the strong acid and alkali
from the incubated soil to exceed that extracted from the
nonincubated soil. Hence the difference in amount of in-
organic phosphorus extracted from incubated and nonincubated
samples with the strong ecid - alkali treatment after the
weak - acid treatment will be the net result of three ef-
fects, one of which causes the values for nonincubated soil
to exceed those for incubated soils, one of which causes
the values for incubated so0ils to exceed those for nonincu-
bated soils, and one of which may have an effect in either

direction.

The results of Table 2 show that in most cases the
amount of inorganic phosphorus extracted by the strong acid
and alkali was higher in the nonincubated samples than in
the incubated samples. ™ith the alkaline soils z2nd 1 X
hydrochloric acid as a first extractant, the difference is
statistically significant at the 5 percent level. In the
case of 1 K sulfuric acid as a first extractant, the dif-
ference is significant only for the Harpster silty clay
loam. For the acid soils the differences are not signifi-
cant. Since usually the strong acid and elkali removed more in-

organic phosphorus from the nonincubated than from the in-
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cubated szmples, it appears that an increase in exiracta-
bility of inorganic phosphorus by the 1 N acids as a result
of incubatior might occur. A part of the difference might

be the result of hydrolysis of organic phosphorus by the
strong acid zand alkall extractants., This experiment pro-
vides no means to differentiate between the two possible
causes, but it casts doubt upon the usefulness of weak acid
extractants in studies on the mineralization of organic phos-

phorus during incubation.

Table 2. Inorganic P extracted from incubated and non-
incubated soils by concentrated HC1l and 0.5 N

NaOH after extraction with 1 N HC1l or 1 N HoSO,

Phosphorus extracted from soil, p.p.m.,

1N as first 1 N H,S0; as first
extractant extractant
Soil
No. Soil type Inc. Noninc. Inc. Honinc.
F 2863 Grundy s.l.2 194 199 158 158
F 2868 Harpgter S.C.
loam 74 93 75 104
F 2880 Ida s.l. 56 70 44 45
T 2884 Lindiey s.1.
subscil 178 185 150 149

853i1%t loam

bsilty clay loam
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Thompson et al. (1954) extracted soils with 1 N hy-
drochloric acid followed by 0.5 N ammonium hydroxide. They
assumed the difference in amounts of inorganic phosphorus
in the combined extracts of incubated ané nonincubated
samples to be the result of mineralization of organic phos-
phorus. The weak acid extraction was a cold extraction,
whereas the alkali extraction consisted of extracting the
soil with 0.5 N ammonium hydroxide at a temperature of 90°C
for 15 hours. During this hot extraction some of the or-
ganic phosphorus might be hydrolyzed and if this happens
cold ammonium hydroxide might be a better extractant. How=-
ever, the possibility exists that an eztraction with 1 N
acid followed by a cold extraction with 0.5 N ammonium hy-
droxide is not rigid enough to extract the same fraction of
inorganic and organic phosphorus in incubated and nonincu-

bated samples.,

To investigate the comparative extrzctability in incu-
bated and nonincubated samples with cold zmmonium hydroxide
extraction, l-gm. samples of Grundy silt loam and Harpster
silty clay loam were incubated for 5 dszys =t 4500. The
samples were molistened to saturation =222 the caps of the
sample bottles were screwed on loosely t¢c permit seration.
The water lost by svaporation was replaced daily. (Usually

the samples contained about 30 percent water on the dry
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welght basis at the end of a day's incubation). At the

end of the incubation period the samples were extracted
with 2C ml. of 1 N sulfuric scid followed by & washings
with 10-ml. portions of 1 I sulfuric acid. The soil sam-
ples then were extracted with two 30-ml. portions of 0.5 N
amgonium hydroxide at room temperature for 6 and 10 hours
respectively, followed by two washings with 20-ml. portions
of 0.5 N ammonium hydroxide. Konincubated samples were
carried through the same extraction procedure. The acid

and alkali extracts were combined shortly before analysis.

%ith both soils the total amount of phosphorus ex-
tracted from incubate: samples was significantly larger
than that extracted from nonincubeted samples, as shown
in Table 3, These data supply evidence that the extrac-
Table 3. Total P extracted from incubated and nonincubated

samples of two soils by 1 N H,SO040H at room tem-
perature after a 5-day 1ncuba%ion period at 45°C

Soil Total P extracted, p.p.m.
. No. Soil type Incubated Nonincubated
F 2863 Grundy silt loam 920 860
F 2868 Harpster silty clay 908 870

loam

tability of either inorganic phosphorus or organic phos-
phorus or both increases during incubation when this ex-

trzction procedure is used, thereby indicating that this
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procedure is unsuitable for evzluating the amount of organ-

ic phosphorus mineralized during incubation.

Subsecuently, the comparative extractability of phos-

- phorus was tested in incubated and nonincubated samples

of a number of soils with 1 N hydrochloric acid and hot

ammonium kydroxide as used by Thompson et al. (1954).

Table 4 shtows that the total smounts of phosphorus extracted

Table 4. Total P extracted from incubated and nonincubated
samples of soil by means of 1 N HC1l at room tem-

perature and 0.5 N NH40H at 900C after a 7-day
incubation period at 40°C

Total P extracted, p.p.m.

Soil No., 3Soil type Incubated Nonincubated
F 2868 Harpster silty clay loam 1016 988
F 2869 Earpster silty clay loam 667 668
F 2870 Earpster silty clay loam: 656 648
F 2871 EHerpster silty clay loam 113 173
F 2872 Harpster silty clay loam 745 742
F 2873 Zarpster silty clay loam 712 711
F 2867 Hazmburg silt loam 137 737
F 2854 Claricn silt loam 397 292
F 2855 Clarion silt loam 322 321
F 2866 Clarion silt loam 261 260
F 2867 Cierion silt loam 672 682
F 2863 Grundéy silt loam ° 955 954

from ipcubzted ard nonincubated samples of soil did not
differ sigrificartly. No significant interaction wes found
between =so0il series and soil treatment. The procedure in
which a2 hot ammonium hydroxide extraction is used is thus

more suitable for evaluating the amount of organic phosphorus
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mineralized during incubation than the cold ammonium hy-
droxide extraction procedure. Consequently, the former was

used in the subsecuent investigations.

llethods of Soil Storage

Jackman and Black (1952) reported that, when phytase
activity is to be measured in soils, it appears that the
most reliable results will be obtained if the measurements
are made immediately after sampling without preliminary
drying or storage. The activity of phytase and possibly
other enzymes might be an important factor in mineraliza-
tion of organic phosphorus under field conditions., There-
fore, any way in handling soils that might lead to un-
natural conditions might bias the interpretation of the
findings. It must be recognized that in many ways the green-
house and incubation experiments conducted in this study in-
volve conditions that deviate from those met in the field.
Kevertheless, wherever possible, unnatural conditions should
be avcided, and when they are used, tests should be made
toc study their possible effect upon the validity of the ex-

periments.

ATter the soils to be used in this investigation had

een taken from the field, the main portion of the samples

o

wzs 4

H

ied, screened, and stored in air-dry condition. Be-

e érying, however, a small sample of each soil was trans-

4
9
]

ed to a large sample bottle and stored in a cold chamber
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at & temperature of 7°C. Since these samples, which were
pot dried, remained in a mcre natural condition, the results
obtained with them in incubation studies might be different
and more reliable than those obteained with samples that were

dried and stored at room temperature.

To investigate whether the method of storage affects
the amount of organic phosphorus mineralized during incuba-
tion, samples which had been stored moist and dry for 18
months were incubated for 1 week at a temperature of 40°C.
After this incubation period the increase in inorganic
phosphorus was measured according to a method introduced
by Thompson (1950:) and described in the next section.

. The extractants in this method are 1 N hydrochloric acid
and 0,5 N ammonium hydroxide. The alkali extraction is
made gt 90°C for 15 hours. The results, which are averages
of duplicate samples calculated on the oven-dry basis, are
listed in Table 5. The average increase in extractable
inorganic phosphorus as a result of incubation was 10 p.p.zx.
for toth dry and moist soils. No significant interaction
was found between soll series and methods of storage. Con-
sequertly, no preference can be given to either method of
storage on the basis of this test. Since it is more con-
venient and time-saving to handle dry soil samples, the sub-
seguent incubation experiments were carried out with soils

that had been stored in air-dry condition. The incubation



Table 5. Inorganic P extracted from incubated and nonincubated samples of pre-
viously molst and previously dried soils by means of 1 N HC1l and

Vel d
LW aNS

0.5 N NH40H
Inorganic P, p.p.nm.
Total extracted Increase upon incubation
Soll Incubated Nonincubated
No. Soll type Dry Moist Dry Moist Dry Moist
F 2848 Albaton silty clay 736 732 1727 129 9 13
F 2849 Albaton silty clay 647 648 642 636 5 12
¥ 2850 Albaton silty clay 767 764 764 769 3 -5
F 2851 Albaton s.c.l1l,9 749 187 138 164 11 23
F 2852 Albaton silt loam 669 672 661 669 8 3
F 2853 Albaton silt loam 1450 1439 1424 1399 26 40
F 2867 Hamburg silt loam 712 709 706 708 6 1
F 2868 Harpster s.c.loam 669 690 619 650 50 40
F 2869 Harpster s.c.loam 391 424 389 423 2 1
I 2871 Harpster s.c.loam 374 365 370 359 4 6
I 2873 Harpster s.c.loam 472 48l 465 472 7 9
T 2874 Harpster s.c.loam 463 453 455 450 8 3
¥ 2875 Harpster s.c.loam 392 391 382 375 10 16
F 2893 Onawa s.c.loam 579 583 515 575 4 8
* 2894 Onawa s.c.loam 606 599 594 594 12 5
F 2895 Onawa s.c.loam 579 575 574 571 5 4
T 2896 Onawa s.c.loam 632 624 627 623 5 1
F 2897 Onawa s.c.loam 1054 1067 1047 1053 1 14
T 2898 Onawa silt loam b 736 1731 728 724 8 g
F 2899 Onawa v.f.s.loam 624 623 614 615 10
F 2901 Sarpy silty olay 674 680 673 67 1 6

8gilty olay loam
byery fine sandy loam
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method and extraction procedure used by Thompson (1950) were

used with a few modifications which will be described in the

next section.

Greenhouse Experiments

The primary objective of this portion of the investi-
gation was to obtain reliable estimates of phosphorus avail-
abllity in a wide variety of Iowa soils. A new technique
was applied to attain this goal in that only a small part of
the medium in which plants grew consisted of soil. ¥hen a
minimum quantity of soll is used, the contact between soil
and roots is likely to be more intensive than when ample
quantities of soil are present, provided that conditions for

development of the root system are favorable.

Vhen a small quantity of soill and a large quantity of
quartz sand are added to No. 10 cans, the placement of the
soil may affect the intensity of the root-soil contact. In
a preliminary experiment the reaction of two crops to differ-
ent placements of scil and sand were tested. Grain sorghum
and rice, two crops with medium-size seeds, were used, The
considerable amount of phesphorus in the large seeds of some
crops makes these undesirsble for the purpose at hand. On
tre other hand, if the seeds are too small, the plants may

not survive during the first few days after emergence when

the contact between roots znd soil is still limited.
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The total amount of soil used in the lo. 10 cans was
either 200 gm. or 400 gm. The amount of sand with which the
soil was mixed varied from 1000 to 2300 gm. In all instances
the bottom part was filled with sand, the amount varying with

the amount used in the soil-sand mixture.

A few days after emergence the top and root parts of the
plants were inspected. Since it was doubtful whether in scme
pf the poorer soils the plants would survive with only 20C gm.
of =0il present, it was decided to use 400 gm. of soil in the
subsequent experiment. Sorghum plants showed the best germin-

ation and for that reason were selected for later use.
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LIATERTALS AND METHODS
Greenhouse Experiment

The soils used in this experiment were all collected in
Iowa and are listed in Tables % and 8, The containers that
were used were KNo. 10 cans lined with polyethylene bags. To
each can, 2300 gm. of quartz sand were added first. Four
hundred gm. of soil and 1000 gm. of sand were mixed and placed
on the layer of pure sand. Threse hundred ml. of distilled
water followed by 300 ml. of a Hoagland and& Arnon nutrient
solution lacking P (1950) were added to the cans. One ml, of
a solution containing 36.4 gn. of the sodium-iron salt of
ethylenedlaminetetraacetic acid per liter was added to each
liter of nutrient solution to replace the iron source used by

Hoagland and Arnon.

Thirty-five sorghum seeds of the Redbine-60 variety were
laid out in a circular pattern on the soil-sand mixture. The
seeds were covered with 300 gm. of sand, and 100 ml. of water

were added., Shortly after emergence the number of plants was

reduced to 30.

Nine replicates of each soil were prepared in the above
fashion. They were placed in the greenhouse in a randomized
block design. Cne control, which conteined only send, was

added to each block. Pots within blocks were rerandomized
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regulerly. Vater losses were estimsted daily by weighing a
few pots, and losses in weight were adjusted by addition of
distilled water. The experiment wes started on September 13,
1955. On October 12, 17 mgm. of nitrogen end 47 mgm. of
potassium were added to each pot as potassium nitrate, and 5
mgm, of magnesium and 7 mgm. of sulfur were zdded as magnes-

ium sulfate.

During the experiment the air temperature in the gzreen-
house ranged from 10°C to 45°C. On sunny days Semperatures
within the pots were found to be 5-11% higher than the air
temperature. On COctober 8, a bacterial blight started to de-
velop. Limited watering and cool temperature for a few days
aided in checking this disease. Occasionally Hicofume fumi-

gations were applied to control army worms,

Plants were allowed to grow until growth in all pots had
almost stopped. For soiis low in available phosphorus this
stage was reached e few weeks earlier than for soils with an

eample supply of avzilable phosphorus.

Harvesting was started on November 7. The plants were
cut off at the point where the stalk was connected to The seed.
The plant material was dried in paper bags in a forced-air-
draft dryer for 4& hours at 650C. Shortly before weighing,
the bags were transferred to a disiccator, after weighing the

samples were ground in z i7iley rill and stored in sample



bottles for subsecuent analvsis.

To determine phosphorus the plant material was placed
in an oven at 6500 for 2 days. The nine samples of one soil
vere dried at the same time. Two-gm. samples of replicates
of each soil were comobined, nlaced in a milk bottle znd
mixed in an end-over-end shaker for 2 hours. The combined
samples were dried again at 65°C for 24 hours. The oven-
dried samples were cooled in a desiccator prior to weighing
the analytical sample. Then, following the procédure de-
scribed by McCants (1955), 1 gm. from each sample was weighed
out on an analytical balance and transferred to a 50-ml.
beaker. Ten ml, of z 5 percent magnesium acetate solution
were added to each besker. The content of the beakers was
evaporated to dryness and the béakers were placed in =2 cold
muffle furnace. The temperature of the furnace was raised
gradually to 200°C and the beakers were kept at that temper-
ature until charring was completed. The temperature then
was raised to 500°C =2nd the beakers were kept at that temper-

ature for 2 hours. After cooling, the beakers were removed

from the furnace, the ash was moistened with 1 ¥ nitric acid,
and the acid was evanorated on the steam plete. The beakers

were then placed again in the furnace and heated at 500% for
1 hour. After coolinz, the ash was dissolved in 10 nl. of

1 N hydrochloric acid on the steam plate, the content of the
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beakers was transferred to 500-ml volumetric flzsks, the
beakers were policed and washed, and the washings were added
to the volumetric flasks. After dilution to volume, the
content of the flasks was thoroughly mixed and the suspend-
ed material was allowed to settle before aliguots were taken

for analysis.

To determine the quantity of inorganic phosphorus in
the extract, a 10-ml1 aliquot was transferred to z colori-
meter tube., One drop of para-nitrophenol solution wsas
added, and the acidity of the solution was adjusted to about
pH 3 by adding 5 N and 1 N hydrochloric acid tc the point
where the color of the indicator disappeared. The seclution
was diluted to 40 ml. with water and 5 ml. of ammonium
molybdate-hydrochloric acid solution (Mehta et al. 1954)
were added. The tube was shaken end over end. In these
and all following colorimetric determinations of phosphorus
the technique of Dyer and Wrenshall (1938) was used. This
technique permits the colorimetric determinaticz of inor-
ganic orthophosphate in the resulting solutions, which were
sometimes strongly colored. After the cclorimeter had been
adjusted to full sczle reading upon inserting tkze photometer
tube, 3 drops of stannous chloride-hydrochloric zeid solu-~
tion (Hehta et al. 1954) were added and the tubzs was shaken

end over end. After 10 minutes, during which tzs blue



color developed, the decrease in percentage transmittance
was read in the colorimeter. The concentration of inorgan-
ic orthophosvhate in the solution was calculated from a
calibration made using the same reagents as for the unknowns
with addition of increasing quantities of potassium dihy-

drogen phosphate.
5011 Phosphorus Fractionation

The method described by Bray and Kurtz (1945) for de-
termining the inorganic phosphorus soluble in 0.03 N ammo-
nium fluoride and 0,025 X hydrochloric acid was used in a
slightly modified foria. The modification was the use of 1
ml. of saturated boric acid solution in the colorimetric
phosphorus determination to eliminate fluoride interference,
The colorimetric determinations of inorganic orthophosphate

were made as described before.

As a second laboratory method for estirmating inorganic
phosphorus availability of socils, the resin method described
by Amer et al, (1955) was used. OCne gm. of soil, which had
passed through 2 40-mesh screen and 1 gm. of Dowex-2 anion-
exchange resin consisting of particles larger than %2 mesh,
were transferred to a 250-ml. Zrlenmeyer flask, OCUne hundred
ml, of water were added and the flasks were shaken for 2
hours. 4fter separating the resin from the soil by washing

n was dried and trans-

’..h

with water on a 40-mesh screen the res
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and inorganic orthophosphate was deterzined in the usual

manner, All determinations were made in duplicate.

A partial extraction of the phosphorus was

made by heating 0.5 gm. of solil with mLl..of & solution

containing 1 percent potassium carbonzze and 2 percent

sodium hydroxide for 1 hour at 8500, in a covered flask.

After the flask had cooled it was shsksn and the suspen~
sion was filtered through a “hatman ic. 44 filter paper.

The organic phosphorus in the alkelizs sxiract was parti-
tioned intc two fractions, accoréizaz T2 its behaviour to-
vard nhyscebromite. +hs guantity of crgzzic nhosphorus hy-
drolyzed by hvnpobromite was determinsi bty transferring a 10~
nle aliguot of the alkaline solution T2 z 50-ml.



volumetric flask, to which 1 ml. of bromine-saturated water
was added. The solution was boiled for 4 minutes on an
electric hot plate. Two ml. of 5 N hydrochloric acid and
0.5 ml. of a 10 percent sodium sulfite solution were added
consecutively, and the solution was boiled for 3 minutes

on the electric hot plate to expel the bromine and sulphur
dioxide. After the flask had cooled, inorganic orthophos-
phate was determined as before. Determinations were made in
duplicate. The difference between the quantities of inor-
ganic phosphorus found after and before the hypobromite
treatment was considered to represent the quantity of or-

ganic phosphorus hydrolyzed by hypobromite.
Mineralization during Incubation

Ten'days after the greenhouse experiment was started,
2-gm. samples of all soils employed in the experiment were
incubated in sample bottles. The samples were moistened to
saturation, and the lids were screwed on loosely to permit
aeration. When the samples were found to have last much of
the moisture, they were moistened again to saturation. The
sazmples were exposed to the same fluctuations in tempera-
ture &s the soils in the cans, The bottles were protected
against direct radiation by a cover of cardboard, in which
openings were cut to permit air movement along the sampls

bottles. Two weeks after harvesting of the plants had
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started, one replicate of each soil was taken from the
greenhouse and analyzed in the lavoratory for the amount
of organic phosphorus mineralized during the incubation

period in the greenhouse,

Ten ml. of concentrated hydrochloric acid were added
to sample bottles containing incﬁbated and nonincubated
samples of each soil. The bottles were heated on an elec-
tric hot plate in such a way that after ten minutes the con-~
tent of the bottles had reached a temperature of 70°C.
Another 10-ml. aliquot of concentrated hydrochloric acid

- was added and the bottles were kept at room temperature for

1 hour.

After 1 hour the content of the bottles was transferred
to a Whatman No. 44 filter paper, and the filtrates were
collected in 500-ml. volumetric flasks. The soils on the
filter paper were washed with five 20-ml. portions of 1 N
hydrochloric aecid. The solution in the flasks were made
up to volume and shaken. Ten-m1. aliquots were transferre
to colorimetric tubes and irorganic orthophosphate was de-

termined as usual.

In a later experiment fcr evaluating the amount of or-
ganic phosphorus mineralized Guring incubetion, l-gm. sam-
ples of soil were weighed or =z znslytical balance and trans-

ferred to sample bottlss. <he soil in the bottles was
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moistened to saturation by adding 0.45 - 0.65 ml. of water
depending on the soil type and the samples were incubated
for 1 week at 40°C, The 1ids of the sample bottles were
screwed on loosely. The daily water loss due to evapora-
tion varied between 40 and 60 percent. The water lost was
replaced every day during a perlod of 15 minutes in which
the samples were aerated. Samples which were not incubzted
were weighed out at the same time. Determinations were mzde

in quedruplicate.

After 1 week of incubstion the samples were analyzed
according to the method described by Thompson (1950) and
Thompson et al. (1954)., Since several changes have been
'made, the procedure will be described in detail. Twenty-
five ml. of 1 N hydrochloric acid were added to the sample
bottles. The bottles were placed on the steam plate for
5 minutes, after which soil and extract were transferred
to a Whatman No, 42 filter paper. The soil was leached
-with another 25-ml, aliguot of 1 N hydrochloric acid, fol-
lowed by five consecutive leachings with 10-ml, aliquots
of 1 N hydrochloric acid. ZFinally the soils were washed

twice with distilled water., A4ll filtrates were collecissl

K

o

in a 500-ml. volumetric flask and made up to volume. ins
goil and filter paper were transferred to 500-ml. Erlen-

meyer flasks graduated at 450 and 500 ml., whereupon 450 =1,

of 0.5 N ammonium hydroxide were added to the flasks. These



41

were shaken vigorously and then fitted with Bunsen valives
and placed in an oven at 90°C. After 15 hours the ammonis
digests were cooled in a water bath and 5.5 gm. of ammozi
chloride were added. The solutions were made to a voluze

of 500 ml., shaken vigorously, and allowed to stand for 10
minutes before filtering through Yhatman No. 44 filter pavper.
Approximately 50 ml. of the ammonia extract were filtered
and saved for analysis, The nonincubated samples were car-
ried through the same extraction procedure. Ten-ml. alicuots
of both acld and alkali extracts were transferred to s color-
imeter tube and inorganic orthophosphate was determined zs

described before. Using this method, Thompson obtained 100

percent recovery of added inorganic phosphorus.

For the determination of total phosphorus, 5-ml. zli-
quots of both extracts of the incubated and nonincubated
so0il samples were transferred to a 50-ml. beaker. One =l.
of a 10 percent magnesium nitrate solution was added to the

beaker. The solution was evaporated on the steam plate and

ignited in the muffle furnace. The temperature of the Zur-
nace was raised to 200°C and kept at this temperature Zcr

1 hour, after which the temperature was raised to 50006,
After 2 hours at this temperature the beakers were coolsad.

The ash was dissolved in 5 ml. of 1 X hydrochlorie acid

and digested on the steam plate for 10 minutes. The coztent

of the beakers was transferred quantitatively to colorizeler



tubes ana inorganic orvigiosvhate was determined zs dsiore.
Organic ohospiiorus zineralization may be estinated in

tiiree ways; nanely, ¥ the increase in extiractables inorsanic
vhosphorus as a result oI incubation, by the decrszss in
extractable orsanic phos-zorug as a result of incubation,

or by the average of txhz Increase in eutractable iacrsanic

phosphorus and the cdecrezse in extractanle organic phospho-~

rus., If, as a result c¢f Zzcubation, the extractavility of
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as a result of incubation, the extractabilities of ths in-
organic and organic phosphorus go in opposite directions,
both estimstes will be either overestimated or underesti-
mated depending on the directicn of the errors. In such a
case the size of the error associasted with the average of
the two estimates will probably be intermediate between the

two errors associated with either one of the two estimates.

The inorganic and organic phosphate radicles in a par-
ticular soil are likely to be combined with the same type
of cation or types of cations. Therefore, the solubility
of both inorganic and organic phosphorus will probably
mainly be determined by the solubility of this cation or
these cations in an extractant. Consequently, if the extract-
ability of inorganic and organic phosphorus changes during
incubation, the change will probably be in the same direction
for both kinds of compounds, depending on the change in sol-
ubility of the cation or cations with which the inorganic
and organic phosphorus radicles are associated. Thus, a
change in opposite directions does not seem to be likely
and under most circumstances the average of the increase in
extractavle inorganic phosphorus and the decrease in extract-
able orgznic phosphorus as a result of incubation will prob-
ably be & better estimate of ths amount of organic phosphorus
mineralized during incubation than the single velues of which

the averaze is composed.
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Availability Coefficients

One-gram samples of soil were transferred to 250-ml.
Erlenmeyer flssks, after which 0,6-ml. aliquots of a solu-
tion containing 100 p.p.m. of phosphorus as potassium di-
hydrogen phosvphate were added to three samples of each soil.
To three other samples, which were used as controls, 0.6-ml.
aliquots of water were added. The samples were incubated
for 1 week at a temperature of 40°C. The stoppers were
placed on the Zrlemmeyer flasks in such a way that some move-
ment of air could take place., The daily water loss due to
evaporation varied between 40 and 70 percent of the quantity
added. The water lost was replaced every day during a per=-

iod of 15 minutes in which the samples were aerated.

After 1 week of incubation, inorganic phosphorus was
extracted according to the resih method as described before.
The fractional recovery of the added phosphorus was deter-
mined by dividing the difference in inorganic phosphorus
extracted from szmples to which phosphorus had been added

and from control samples by the quantity of phosphorus added.

The fractionz=l recovery of the added pnosphorus is as-
sumed to be proportional tc the availability coefficient of
the organic phosphorus mineralized during incubation. Thus
by multiplyirng tze total amount of organic shosphorus miner-

alized during Incubation by the fractional recovery of added
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phosphorus, the resulting figure should be »roportional to
the availabilitiles or effective quantities of mineralized

organic phosphorus.

For a number of acid soils the fractional recovery was
negative, In consequence, the figures entered in Table 9
for the relative availabilities of organic phosphorus in
these soils are negative. For these solils, avallability
of soil inorganic phosphorus would be expected to decrease
as a result of organic phosphorus mineralization. For a
number of alkaline soils, on the other hand, the fractional
recovery exceeded unity and the relative avzilability of the

mineralized organic phosphorus in Table 13 is estimated to

exceed the actual quantity.

Statistical Analyses

¥ultiple linear regression eguations were calculated
using as dependent variables the data on phosvhorus absorbed
by the plants in the greenhouse experiment and as independent
variables the laboratory data on the quantities of soil
phosphorus found in the various chemical fractions or miner-
alized during incubation (Snedecor, 1956, pp. 431-446}. Sim-
ple linear regression equations were calculzted, using as
dependent variables the data on phosphorus absorbed by the

plants ard as independent variables the estimetes of inorgen-
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ic phosphorus availability according to the Zray and Kurtz
method and the resin method (Snedecor, 1956, pp. 122-126),
and the difference between the correlation coefficients
obtained with both methods was tested (Snedecor, 1956,

pp. 178-180). Finally, the difference between the linear
regression of yield of phosphorus on inorganic phosphorus

extracted by the two methods was tested (Snedecor, 1956,

pp. 394-400).
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RESULTS
Acid Soils

Table 6 shows the soil number, soil type, and pH of
the acid soils, together with the amounts of inorganic phos-
poorus and organic phosphorus extracted from the soils ac-
cording to the procedure described by lehta et al. (1954).
Iz Table 7 the yield-of-phosphorus data as obtained in the
greenhouse experiment are listed with two fractions of in-
organic phosphorus and one fraction of organic phosphorus.
Multiple-regression equations were calculated from these
data. The yleld-of-phosphorus data are used as dependent
vzriables, and the data on the different fractions of soil

phosphorus are used as independent wvariables.

In the first equation, the data on inorganic phosphorus
obtained with the Bray and Kurtz method, and the average re-
sult on increase in extractable inorganic phosphorus and de-
crease in extractable organic phosphorus upon incubation,
as obtained with the combined acid znd alkall extraction
method, are used as indepsndent variables. The eguation ob-

tzined from these data is as follows:

T = 0.29 £140.17 £, - 0.74 (1)
+0.02  +0.06



Table 6.
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inorgenic and organic phosphorus extracted from

acid soils by method of ilehta et al.

(1954)

Inorganic P Organic P

extracted, extracted,
Soil No, Soil type pPE p.p.m, Pe.p.m.
F 2854 Clarion silt loam 5.4 279 257
F 2855 Clarion silt loam 6.2 150 262
F 2856 Clarion silt loam 6.6 160 212
F 2857 Clarion silt loam 6.4 559 225
F 2858 Edina silt loam 6.8 253 291
F 2859 Edine silt loam 6.6 222 238
F 2860 Edina silt loam 6.3 145 231
F 2861 Fayette silt loam, C-tor.5.4 396 36
F 2862 Fayette silt loam 7.0 389 295
F 2863 Grundy silt loam 6.3 1758 366
F 2864 Haig silt loam 5.7 286 278
F 2865 Haig silt loam 6.8 416 204
F 2866 Haig silt loam 6.0 184 272
F 2883 Lindley silt loam 6.8 213 219
F 2884 Lindley silt loam C-lor. 6.5 653 39
F 2886 Nicollet loam 6.6 503 2517
F 2887 Nicollet loam 5.4 189 267
F 2888 Nicollet loam 6.7 160 228
F 2889 Nicollet loam 6.7 216 256
F 2901 Seymour silt loam 7.0 161 183
F 2902 Shelby loam 6.0 117 171
F 2903 Shelby loam 5.4 125 143
F 2904 Shelby loam, C-hor. 5.5 222 30
F 2905 Taintor silt loam £.0 259 329
F 2906 Tama silt loam 5.8 289 167
F 2907 Tama silt loem 5.3 859 285
F 2908 Tama silt loam 6.5 265 235
F 2909 ‘eabash silty clay leem 6.3 475 265
F 2910 Vabash silty clay losm 7.0 386 306
F 2911 ‘lebster silty clay lozm 6.6 253 255
F 2912 ‘iebster silty clay loam 6.8 245 263
F 2913 ‘Jebster silty elay lozzm 6.9 287 261
T 2916 Yeller silt loam 5,0 215 209
F 2917 veller silt loam, C-kor. 5.5 229 39




Table 7. Yield of phosphorus in plants and phosphorus
fractions in scid soils
Phosphorus

Yield of P in fractions in

plants per solilsg, p.gjm.a
Svil No. Soil type culture, mg. £, f2 f6
¥ 2854 Clarion silt loam 4,94 15.5 13.8 5
7 2855 Clarion silt ioam 1.09 4.8 4,3 0
7 2856 Clarion silt loanm 2.49 8,2 7.8 9
? 2857 Clarion silt ioam 10,29 32,1 25.3 3
® 2858 Edina silt loam 9.17 30.2 25.0 15
¥ 2859 Edina silt lozm 7.26 16.7 12.8 7
® 2860 ®dina silt losm 2.88 6.2 5.1 6
¥ 2861 Fayette silt loam, C-hor. 2.93 23,7 8.0 0
¥ 2862 TFayette silt loam 7.29 20.7 20.1 33
F 2863 Grundy silt loam 23.91 95.2 176.9 12
F 2864 Haig silt lozm 7.60 24,6 22,5 7
F 2865 Haig silt loam 7.30 27.0 22.8 14
¥ 2866 Haig silt loam 2.86 7.0 7.0 7
¥ 2883 Lindley silt loam 4,28 7.8 7.8 11
F 2884 Lindley silt loam, C-hor. 8.67 27.3 16.17 1l
F 2886 Nicollet loam 5.14 12,1 11.8 6
F 2887 Nicollet loam 2.20 6.6 7.0 5
F 2888 Nicollet loam 0.72 4,2 3.9 1
7 2889 Nicollet loam 4,178 4.6 13,1 8
F 2901 Seymour silt loam 2.36 7.4 7.0 8
F 2902 Shelby loanm . 1.3%4 5.9 3.9 4
F 2903 Shelby loam 2.12 5.3 6.6 9
F 2904 Shelby loam, C-hor. 0.43 2.8 2.1 1
F 2905 Taintor silt loam 4,14 11.3 8.5 10
F 2906 Tama silt lozm 3.77 2.9 8.0 3
F 2907 Tama silt lozm 33.73 72.4 80,1 27
¥ 2908 Tamez silt lozm 5.44 13,0 12,3 8
F 2909 Wabash silty clay loam 8.73 22.8 17.5 4
¥ 2910 Yabash silty clay loam 8.57 27.3 29.9 12
¥ 2911 Vebster siliry clay loam 3,99 11,1 10.9 3
F 2912 ‘ebster silty clay loam 1.22 6.6 10.2 4
¥ 2913 Yebster silty cley loam 1.11 5.3 6.4 9
F 2916 Veller silt ioaznm 1.71 5.2 4,6 11
¥ 2917 Veller silt lpam, C-hor. 0.55 3.1 1.7 3

8f.= inorganic chosphorus by Bray and Kurtz method; £,
inorganic phosphorus %7 resin method; f¢= average of incredse
in extractable inorgznic P and decrease in extractable organic
? upon incubation; 1 I EC1 and hot 0.5 N NH40H as extractants

b
-
T
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The figures directly below the regression coefTicients are
the standard errors asssociated with the respective coeffi-
cisnts, The significance of the regression of vield of
phosphorus on the individual fractions of soil phosphorus can

be found approximately from the ratio of the regression co-

efficient to its standard error by the use of the "t"-table.

The reeression of yield of phosphorus on fl, the inor-
ganic phosphorus according to the Bray and Kurtz method, in-
dependent o?f fé, is significant at the 1 percent level; like-
wise, the regression of yield of phosphorus on fé, the aver-
age of increase in extractable inorganic phosphorus and de-
crease in extractable organic phosphorus upon incubetion, inde-

pendent of fl’ is significant at the 1 percent level.

In the second equation, the data on inorganic phosphorus
obtained with the resin method and the same walues for f6 are
used as independent variables. The ecuation obtained from

these data is as follows:

>

= 0.36 £,40.03 £, - 0,02 (2)
+0.02  +0.05

The regression of yield of phosphorus on f2, the inorganic
phosphorus according to the resin method, independent of f6,
is significant at the 1 percent level. The regression of
yield of phecsphorus uron r6, tﬁe average of increase in ex-

tractable inorganic phosphorus and decrease in extractable



organic phosphorus upon incubaetion, independent of f2, is

not significant at the 5 percent level.

In ths first equation, significant additional information
concerning the aveilability of soil phosphorus to nlants be-
yond that measured with the Bray and Kurtz method can be
gained by determining the mineralization of organic phosphorus
during incubetion. In the second equation, however, for which
the available inorganic phosphorus is measured with the resin
method, the measurements of mineralization of organic phos-
phorus during incubation do not yield any significant addi-

tional information on the availability of soil phosphorus to

plants.

In the third equation, the data on inorganic phosphorus
obtained with both the Bray and Kurtz method snd the resin
method, and the wvalues for fé are used as independent vari-

ables. The following equation was obtained:

}

Y = _0.05 £;40.42 £,+ 0.01 f5+0.12 (3)

+0.,07 *0.08 T0.05

The negative regression of yield of phosphorus on fl’ the
inorganic phosphorus according to the Eray and Kurtz method,
independent of fz and fé, is not significant at the 5 percent
level. The regression of yield of phosphorus on £,, the in-

organic phosphorus according to the resin method, independent



resression of vrield of pohos»horus on Ty, the averase of i1~
£ .
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erczoce in exiractanlie inorganic ohogohorus and decrease in
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swTractable organic pnosphorus upen incubation, indspendant
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T 7. anc Ty, 1is not significant at the 5 percent level.

The te2sts of significance on the foresoins ecuation

ciated with the resin

O

skov that once the information ass

% has been obtained, no significant additional informa-

of valﬁerin predicting the yield of phosnhorus is gained
froz the measurements of either the phosphorus extracted by
ths Zray and Xurtz method or the mineralization of organic
vhosprorus during incubation. 3Because of this evidence that
the resin method is more suitable for estimating phosphorus

vailability in acid soils than the Bray and Kurtz method,

[\

izta obtained with the former method are used in the sub-

ot
Ly
[¢H]
[+ 1)

secusnt equations on acid soils,

Table & the yield-of—phoéphorus,data are listed to-
zetzsr with four fractions of organic phosphorus. In equation
4, toe data obtained with the resin method and the data on

tze Increases in extractable inorganic phosphorus upon incu-
z2tion as obteined with the concentrated hydrochloric acid.

ent variables. The

£

eztrzztion method are used as indepen
ecuziion is as follows:

Y = 0.37 T = 0.04 £5 G.3 (4)



Yield of nhos»horus in plants and phosrnhorus
Tractions in acid scils
Yield of » | Phosplhiorus frzc-
in nlants tions in soils,
) per culture, p.p.m.8
S04 L0, ~O1 L t:’:)b [ifT e f:,) f4 f5
T 2754 "Clarion silt loam 4,04 7 1 2
F 2755 Clarion silt loan 1.09 -7 =3 2
P 2556 Clarion silt loam 2.49 6 9z
T 2257 ”larion silt loam 10.29 14 =2 2
P 2%5%  Edina silt loan .17 & 1 6
F 2559 Rdina silt loam 7.26 1 7 &
F 226C Hdina silt loanm T 2,88 0 6 5
F 2861 TFayette silt loam, $-hor. 2.9 -2 0 -1
7 2862 Tayette silt loanm 7.29 5 3% 33
7 2363 Crundy silt loam 23.91 4 12 11
) Haig silt loan A 7.60 1 5 g
7 Heilg silt loam’ 7.30 g 13 14
F Haig silt loam ‘ 2.86 9 .5 8
iy Lindley silt loanm 4,28 9 10 11
¥ Lindley silt loam, C-hor. 8.67 -4 1 1
7 Hicollet loam 5.14 6 6 6
T Nicollet loam 2,20 14 1 a2
7 Ticollet loan .72 1 -1 2
7 Nicollet loam 4,18 -7 8 7
7 Seymour silt Loam 2.36 1 7 9
T Shelby loam 1.3%4 41 6
= Shelby loam 2.12 4 6 11
7 Shelby loam, .C-hor. .43 -4 -1 2
T Taintor silt loam &,14 11 10 ¢
) Tama silt loam 3.717 3 2 &

[\
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3 = increase in extractable inorganic P upon incula-
onc. Cl as extractant; Tz = increase in extracitatle
ic P upon incubation; 1 M 110l and hot 0.5 I HH4CH as
ants; fr = decrease in extractable orgsnic P upon
ion; 1 ¥ HCl and hot O 5 I MHyQE as extractants; £

-soluble 1n K2C03 and XalX and hydrolvzed by by~
te
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Table 8. {continusd)

Yield of P Phosphorus frac-

in plants tions in soiis,

per culture, p.p.m,
Soil YNo. Soil type ng. f; f4 f5 f7
F 2907 Tama sili loam 33.73 7 37 17 47
F 2908 Tamz silt loam 5.44 24 7 9 35
F 2909 Viabash siity clay loam 8.73 -5 4 3 40
F 2910 Yabash s8ilty c¢lay loam 8.57 7 11 12 42
F 2911 Yebster sility clay loam 3.99 7 2 4 42
F 2912 TViebster silty clay loam 1.22 35 11 -4 45
F 2913 Vebster silty clay loam 1.11 21 7 11 36
F 2916 Veller sii%t loam - 1.71 9 8 14 44
F 2917 Weller silt loam, C-hor. 0.55 0 1 5 8

The regression of yield phosphorus on f2, the inorgasnic phos-
phorus according to the resin method, independent of f;, is
significant at ﬁhs 1 percent level. The negative regression
of yield of phosphzorus on f3, the increase in inorganic phos-
phorus extractable by concentratedvhydrochloric acld upon
incubation, indepsndent of f2, is not significant at the 5

percent level.

The data obtziped with the resin method and the data
on the increase in sxtractable inorgenic phosphorus upon
incubation obtained with the combined acid and alkali ex-
traction method zre used as independent variables in ecua-

tion 5: N

Y 5 £5+ 0.05 £, . 0.01 (5)

2 *0.04

\"

?

C.
G-'

C

I+ W
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The regression of yield of pnhosphorus on f2, the inorganic
vhosphorus according to the resin method, independent of f4,
is significant at the 1 percent level. The regression of

yield of phosphorus on f the increase in inorganic phos-

4’
phorus extracted upon incubation by the combined acid and
alkall extraction method, independent of f2, is not signif-

icant at the 5 percent level,

The results obtained with the resin method and the date
on the decrease in extractable organic phosphorus upon incu-
bation obtained with the combined acid and alkali extraction
method are the independent variables in equation 6:

T = 0.37 2,4 0,01 £+ 5.63 (6)
+0.02 +0.05
The regression of yield of phosphorus on fg, the inorganic
phosphorus according to the resin method, independent of f5,
is significant at the 1 percent level. The regression of
yield of phosphorus on f5, the decrease in extractable or-
ganic phosphorus upon incubation as obtained with the com-

bined acid and alkali extraction method, is not significant

at the 5 psrcent level.

The data on inorganic phosphorus obtained with the
resin method and the fraction of organic phosphorus soluble

in a 1 percent potassium caronate-2 percent sodium hydroxide
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solution and hydrclyzed by hypobromite are used ag inde-
vendent variables in ecustion 7:
’Y\ = 5,37 £, - 0.01 £,40.62 (7)
.02 + 0.02

The regression of =wield of phosphorus on T tne inorganic
Py p 4 2’

phosphorus accoréizz to the resin method, independent of f7,

'--.J

is significant at skhe percent level. The negztive regres-

sion of the yield ¢f »hosphorus on -7, the orgznic phospho-
rus soluble in the potassium carbonate-sodium zydroxide sol-
ution and hydrolyzed by hypobromite, independent of fz, is

not significant at ths 5 percent level.

Thus for the acid soils it appears that the availability
of soll phosphorus to plants is not correlated with any frac-
tion of organic phosphorus as determined in this experiment,
independent of corrslation of any of these fractions with a
fraction of inorgzzic éhosphorus designed to estimate avail-

ability of soil irorganic phosphorus.

In Table 9, tzs fractional recoveries of zdded soluble
inorganic phosphorz=s for acid soils, as determined in the
incubation experi~z=zat described in the previous section, are
listed together witik the smounts of organic ph horus miner-
alized durlng\.nc-:::icn. The fTigures for minsralization are

derived from the zvs=rzsze of the increase in extractadble inor-

ecrease in extrsc atis organic

o

ganic phosphorus zz2 tShe
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Table 9. Dstimated relative availsbility of organic phos-
phorus as derived from the fractional recovery
of added inorgaenic P and the orgenic P mineral-
ized during a l-week incubation at 40°C
Zstimated
relative
Fraction- Organic P availabili-~
al recov- mineral- ty of organ-
ery of ized dur~ ic P miner-
added in- ing incu- alized dur-
organic bation, ing incuba-
Soil No, Soil type P P.p.nm. tion, p.p.m,
F 2854 Clarion s.1.2 0.147 5 0.74
F 2855 Clerion s.l. 0.012 0 0.00
F 2856 Clarion s.l. 0.040 9 0.36
F 2857 Clarion s.l. 0.828 3 2.48
T 2858 Edina s.l. -0.007 15 -0.10
F 2859 Edina s.l. 0.025 7 0.17
T 2860 Edina s.l. 0.015 6 0.09
F 2861 Fayette s.l., C-hor.-0.093 0 0.00
F 2862 TFayette s.l. 0.072 33 2.38
F 2863 Grundy s.l. 0.197 12 2.36
T 2864 Haig s.l. -0.003 7 -0.02
F 2865 Haig s.l. 0.002 14 0.28
T 2866 Haig s.l. 0.027 7 0.19
T 2884 Lindley s.l., C-hor. -0.022 1 -0.02
F 2886 Nicollet loam 0.903 6 5.42
F 2887 Nicollet loam 0.133 5 0.67
F 2888 Nicollet loam 0.067 1 .07
F 2889 Nicollet loam 0.412 8 3.30
F 2901 Seymour s.l. 0.163 8 1.30
F 2902 Shelby loam 0.000 4 0.00
F 2903 BShelby loam ~-0,055 9 -0.50
F 2904 Shelby loam, C-hor. -0.002 1 0.00
F 2905 Taintor s.l. 0.187 10 1.87
F 2906 Tama s.l. -0.038 3 -0.11

8541t loam
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Table 9. (continued)

Estimated

relative
Fraction- Organic P availabili-
al recov- minerai- ty of organ-

ery of ized dur- 1ic P miner-
added in- 1ing incu- alized dur-
organic bation, ing incuba-

Soil Yo. Soil type P De Do, tion, p.Dp.d.

F 2907 Tama s.1. 0.447 27 12.07

F 2908 Tama Sel. 0.207 8 2.46

F 2909 ‘viabash s.c.1.? 0,235 4 0.94

F 2910 ¥abash s.c.l. 0.122 12 1.46

F 2911 Webster s.c.l, 0.362 3 1.09

F 2912 Webster s.c.l. 0.250 4 1.00

F 2913 Webster s.c.l. 0.633 9 5.70

F 2916 WYeller s.1. 0.012 3 0.04

F 2917 Weller s.l., C-hor, 0.040 8 0.32

bsilty clay loam

phosphorus upon incubation, according to the combined acid
and alkali extraction method. Iiultiplication of these two
data for every soil yields a third figure, wkhich is assumed
to be proportional to the availability of the mineralized
organic phosphorus. ZFor want of a better term these figures
will be designated as estimated relative availizbilities of
the organic phosphorus mineralized during incubation, and
they will be referred to more briefly as the sstimated avail-

d availgbili-

(l'

abilities of organic phosphorus. The estimes
ties of organic nhosphorus are used as indepezdent variables

in the subsecguent ezustions.
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In eguetion 8, the data on inorzasnic phosohorus obtained
with the Zrazy and Kurtz method and the data on estimeted avail-
abilities o2 organic phosphorus, designated as f8, are used
as independezt variables. The following equation was calcu-
lated:

N

¥ = 0,27 £+ 0,76 £s - 0.09 (8)

to,02  to0.15

The regressicn of vield of phosphorus on fl, the inorganic
phosphorus according to the 3Bray and Zurtz method, indepen-
dent of f8, is significant at the 1 percent level. Likewise,
the regression of yield of phosphorus on fg, the estimeated
availability of organic phosphorus, independent of fl, is

significant at the 1 percent level.

In eguation 9, the data on inorganic phosphorus ob-
tained with tThe resin method and the same values of fg are
used as independent variables, The following equation was
obtained:

T = 0.34 £,+ 0.31 £+ 0,10 (9)
+0.02 10,14
The regressicn of yield of phosphorus on fz, the inorganic
phosphorus zccording to the resin method, independent of f7,
is signifiecazt at the 1 percent levei. The regression of
vield of phoszhorus on f7, the estimszted availability of or-
ganic phospaorus, indevendent of f2= is significant at the

- -
H

5 percent level,
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In eguation 10, the dats on inorganic vhosphorus ob-
tained with both the Bray and kurtz method and the resin
method and the estimated availabilities of organic phospho-
rus a2re used as independent variables. The following ecua-

tion was obtained:
% = 0.01 £4+ 0.32 £,+ 0.33 f8+ 0.09 (10)
+0.07 +0.08 +0.17
Trne regression of yield of vhosphorus on fl, the inorganic

hosphorus according to the Bray and zurtz method, inde-

'

pendent of f2 and f8’ is not significant at the 5 percent
level., The regression of yield of phosphorus on f2, the in-
organic phosphorus according to the resin method, independent
of fl ard f8’ is significant at the 1 percent level. The
regression of yield of phosphorus on f8’ the estimated avail-
ability of organic phosphorus, independent of fl and f2’ is
significant at a level slightly above that of 5 percent

probzability,
Alkaline So0ils

In Table 10 the soil number, soll type and oE of the

alzzline soils are listed together witk the total amounts

P CR Pl 4

}

{0

the soils

al.(1954}).

A So—

cted fro

3]

znic ané organic phosphorus exir
accordinz to the procedure described by ilehta et
In Tz2ble 11 the yield-of-phosphorus dsta as obtained in the

gresnhouse experiment are listed with two fractions of in-

orgznic phosphorus and one fraction of organic phosphorus,
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Tzble 10. Inoreganic and organic shosphorus extracted frono
alkaline soils by the methoéd of l'ehta et 2l,(10954)

Inorgan- Organic
ic P ex- P ex-
tracted, +tracted,

Soil o, 501l type pE DeDelle P.D.T.

T 2247 Albaton silty clay 7.9 827 81

T 274%  Albaton siltv clay 8,1 698 98

T 2855 Albaton silty clay 7.7 830 24

T 2Z51 Alvaton silty clay loam 7.5 827 81

T 2252 Albaton silt loam 7.9 731 77

7 2853 Albaton silt loam 7.1 1506 360

T 2857 Yamburg silt loam 8.1 764 28

T 2% Harpster silty clay loam 7.5 614 550

7 286% Harpster silty clavy loam 7.8 419 341

T 287G THarpster silty clay loam 7.9 411 . 361

T 2871 Harpster silty clay loan 7.8 392 360

F 2872 Harpster silty clay loem 7.5 369 375

7 2873 Harpster silty clay loam 7.8 4%5 337

? 2874 Harpster silty clay loem 7.2 486 362

? 2875 Harpster silty clay loanm 7. 415 %65

? 2875 Ida silt loam 7.8 685 171

? 2877 1Ida silt loam. g.? 639 141

¥ 2872 Ida silt loam .1 694 98

® 287% Ida silt loan 8.1 712 84

= 2820 1Ida silt loan 8.0 714 74

F 2821 Ida silt loam .1 745 59

7 2882 1Ida silt loam 2-5 491 237

F 2%%5 Loess u.g 235 5

= 28950 (Qnawa silty clay loam 7. 46 62

7 285X Onawa silty clay loam 7.9 626 102

T 22%2 Onawa silty clay loam 7.9 §87 145

F 2293 Onawa silty clay lcam 7.2 645 155

T 2254 (Qpnawa silty clav loam 7.7 712 100

T 2222 Onawa silty clay loam 7.9 639 73

T 2%%%Z Onawa silty clay loan 8.0 675 105

T 2597 Onawa silty clay loam 7.; 1118 176

T 2257 Onawa silt loam 7.8  £22 114

7 22%% Onawa very fine sandv locem 8.3 668 68

? 293% Sarpy silty clay 7.8 705 47

7 251< “ebster silty clav loam 7.4 355 273

T 2%51% “ebster silty clavy loanm 7.1 587 245
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Table 11. Yield of phosohorus in plants and nhosphorus
fractions in alkaline socils

Yield of Prhosphorus frac-

£ in tions in soils,

plants DeD.1.2

per cul-
Soil ¥o. Soil type ture, mg. Ty fa T
F 2848 Albaton silty clay 6.7 24,3 27.4 9
F 2849 Albaton silty clay 5.68 11.9 13.1 4
F 2850 2lbaton silty clay 6.65 2.1 26,2 8
? 2851 Albaton silty clay 6.53 25.2 34,2 8
# 2852 Albaton silt loam 2.95 11l.2 6.8 5
F 2853 albaton silt loam 33.80 123.4 133.4 40
F 2867 Hambureg silt loanm 0.89 & 2.4 1
F. 2868 Tarpster siltv clay loam 23.59 12.3 48,0 45
F 2869 Harpster silty clay loam 2.95 12.4 22.0 12
T 2870 Harpster silty clay loam 5.77 13.5 23.5 6
F 2271 Harpster silty clay loam 2.78 6.3 11.8 9
F 2872 Harpster silty clay loam 1.84 4.1 9.2 8
F 2873 FHarpster silty clay loam 5.67 0.4 8,0 7
# 2874 THarpster silty clay loam 1.58 0.6 5.6 &
¥ 2875 Farpster silty clav loam 3,81 2.3 9.4 10
F 2876 Ida silt loam 9.85 2.5 2.6 3
F 2877 7Tda silt loam 6.53 18,R 17.5 g
F 2878 1Ida silt loam 1.21 3.1 3.1 2
¥ 2879 Ida silt loam 0.40 1.3 1.5 0
F 28P9 7Ida silt loam 0.29 1.2 1.9 1
P 2881 Ida silt loam 1.54 4,6 3.4 6
F 2882 1Ida silt loam 5.87 16.5 17.7 10
¥ 2885 1loess : 0.25 1.3 1.9 0
¥ 2890 Onawa silty clay loam 4.32 8.5 9.0 4
# 2891 Onawa silty clav loam 2.38 9.5 8.0 4

af1 ~ inorganic phosphorus by 2ray and Hurtz method;
f2 = inOrganic phosphorus by resin method; f¢ = average of
increase in extractable inorgarnic phosphorus and decresse
in extractable orgenic P upon Incubavion; 1 I HCl and hot
0.5 I NH4OH as extractants N o



Table 1l. {continued)

Yield of Phosphorus frac-

P in tions in soils,

plants _pP.D.id.

per cul- fl f2 fé
Soil No. Soil type ture, mg.
F 2892 Onawa silty clay loam 2.17 6.2 5.9 2
F 2893 Onawa silty clay loam 2.92 1.0 8.3 8
¥ 2894 Onawa silty clay loam 3.97 11.8 9.9 5
¥ 2895 Onawa silty clay loam 0.88 3.5 2.9 3
¥ 2896 Onawa silty cley loam 2.78 1.2 6.8 5
7 2897 Onawa silty clay loam 17.25 179.9 62.3 16
F 2898 Onawa silt loam 7.79 24.9 20,1 10
F 2899 Onawa very fine silt loam 3.16 9.5 6.1 5
F 2900 Sarpy silty clay 4,10 8.6 10.7 5
F 2914 Webster silty clay loam 4,05 12,7 13.6 9
? 2915 Webster silty clay loam 4,78 13.6 13.6 11

The yield of phosphorus in the plant is used as the dependent
variable, and the data on the different fractions of soil

phosphorus are used as independent variables,

In equation 11, the data on inorganic phosphorus‘ob—
tained with the Bray and Kurtz method and the average of the
increase in exfractable inorganic phoséhorus and decrease
in extractable ofganic phosphorus,'as obtained with the com-
bined acid and alkeli extraction method, are used as inde-
pendent variables. The following equation was calculated:

T2 0.13 £+ 0.45 £, - 0.38 (11)
+0.01 +0.04
The regression of yield of phosphorus on‘fl, the inorganic

phosphorus according to the 3ray and Kurtz method, inde-
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dependent of fé, is gignificant at the 1 percent level.
Likewise, the regression of yield of phosphorus on f6, the
average increase in extractable inorganic phosphorus and de-
crease in extractable organic phosphorus upon incubation,

independent of fl, is significant at the 1 percent level,

In equation 12, the data on inorganic phosphorus ob-
tained with the resin method and the same values for fé are
used as independent variables. The following equatidn wasxiw
obtained:

T = 0.17 £+ 0.31 £, . 0.09 (12)
t0.02  10.04
The regression of yield of phosphorus on fz, the inorganic
phosphorus according to the resin method, independent of
f6’ is significant at the 1 percent ievel. The regression
of yield of phosphorus on f6, the average of incfease in ex-
tractable organic phosphorus upon incubation, indeperdent of

f,, also is significant at the 1 percent level.

1
In equation 13, the data on inorganic phosphorus obo-
tained with both the Bray and Xurtz method and the resin
method and the average of increase in extractable inorgznic
phosphorus and decrease in extractable organic phosphorus
upon incubation are used as independent variables. The fol-

lowing equation was obtained:



Y - 0.09 fl+ 0.06 fo+0.40 f6 _0.22 (13)
+0.C5 +0.06 ¥0.07

rieid of phosphorus on fl’ tze inorganic
shosphiorus according to the Hray znd Turitz me
the inorganic phosphorus according to the resin method,
independent of each other and of fé, are not signiZicant

at the 5 percent level., The regression of yield c? phospho-

Tus on fé, the average of increase in extractzzle Inorganic

) )

upon incubation, independent of fl and fz, is significant at

the 1 percent level.

The testes of significance on equations 11 zznéd 12 show
that significant information of value in predicting the
yvield of phosphorus is gained from both the minerzliization
of organic phosphorus during incubation and the Zrzy and
Kurtz method in eguation 1l and the resin method in eguation
12, THowever, tests of significance in equatiozn 13 indicate

that, when all three fractions are tested in one eguation,

('M

once the information on the mineralization of orgznic phos-
phorus during incubation has been obtained, no siznificant
additional information of value in predicting tze vield of
phosvhorus 1s gzined from the phosphorus eztrzcizd by either
the Eray and Kurtz msthod or the resin method. Zsxnce the

y and urtz method and the resin method apzezr to give

much the same information with this group of soiis,



Since in equations 11 and 12 the regression of yield
of phosphorus on the inorganic phosphorus according to the
Sray and rXurtz method and the resin method, rsspectively,
was found to be significant at the 1 percent lavel, the
data obtained with both methods are used in tzz subsequent
calculations., That is to say, in these calculztions sets
of two eguations will be obftained, in which one fraction of
organic phosphorus is tested with each fraction of inorganic
phosphorus separately. In all these eguations f, will desig-
nate the fraction of inorganic phosphorus obtzined with the
3ray and Kurtz method and f2 will designate the fraction of

inorganie phosphorus obtained with the resin method.

In Taeble 12 the yield~of-phosphorus data for alkaline
soils are listed together with four fractions of organic
phosphorus. In equations 14 and 15 the two frzctions of
inorganie phosphorus and the data on the increzse in extrac-
table inorganic phosphorus upon incubation as obtained with
the concentrated hydrochloric acid extractiorn method are
used as independent variables. The equations sre as follows:

T - 0.22 £.+ 0.08 £+ 1,36 (14)

1
+0.03  o.04

A
Y = 0.25 £+ 0,05 £3+0.63 (15)
10.02 $0.03
The regression of yleld of phosphorus on fl’ independent of

t is significant at the 1 percent level. Tze regression

5,
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Table 12, 7Yield of phosphorus in plants and phosphorus
fractions in alkaline soils

Yield of Phosphorus frac-

P in tions in soils,

plants n,n.m. 2

per cul- fs £ £ £
Soil No. Soil type ture, mg. > 7
F 2848 A4lbaton s.c.D 6.71 109 9 18
F 2849 Albaton s.c. 5.68 6 3 4 20
F 2850 Albaton s.c. 6.65 8 3 12 26
F 2851 Albaton s.c.l. 6.53 2C 10 6 29
F 2852 Albaton s.l. 2.95 -20 5 4 18
F 2853 Albaton s.l. 33,80 21 37 42 52
F 2867 Hamburg s.l. 0.89 4 1 1 9
F 2868 Harpster s.c.l. 23.59 40 59 31 83
F 2869 Harpster s.c.l. 2.95 -9 12 11 49
F 2870 Harpster s.c.l. 5.77 2 4 8 41
F 2871 Harpster s.c.l. 2.18 20 13 5 53
F 2872 Harpster s.c.l. 1.84 0 9 7 48
F 2873 Harpster s.c.l. 5.67 5 7 T 39
F 2875 Harpster s.c.l. 3.81 21 10 9 56
F 2876 Ida s.l. 0.85 4 1 4 31
F 2877 1Ida s.l. 6.53% -1 5 15 23
F 2878 .Ida s.l. 1l.21 3 4 -1 15
F 2879 Ida s.l. 0.40 10 0 0 13
F 2880 Ida s.1. 0.29 9 0 1 16

af3 = increase in extractable inorganic P upon incu-~
bation;“conc, HC1 as extractant; f, = increase in extractabvle
inorganic P upon incubation; 1 N HC1 and hot 0.5 N NH,0H as
extractants; f. = decrease in extractable organic P upon
incubation; 1 ﬁ HC1l and hot 0.5 N NH4OE as extractants; £, =
organic P soluble in K2003 and NaOH ané hvérolyzed by hypz-
bromite

®5i1ty clay
Csilty clay loam

dsilt loam



Table 12. (continued)}

Yield of Phosphorus frac-

P in tions in soils,

plants p.p.m.2

per cul-
Soil No. Soil type ture, mg. f5 f4 f5 f7
¥ 2881 1Ida s.l. 1.54 7 6 5 9
¥ 2382 1Ida s.l. .87 2 5 15 4]
7 2885 Loess G.25 -1 1 -1 0
F 2890 Onawa s.c.l. 4,32 3 4 4 23
¥ 2891 Onawa s.c.l. 2.38 0 4 3 9
F 2892 Onawa s.c.l. 2.17 4 0 3 18
F 2893 Onewa s.c.l. 2.92 -7 8 8 28
F 2894 Onawa s.c.l. 3.97 27 4 5 18
F 2895 Onawa s.c.l. 0.88 1 -3 8 14
F 2896 Onawa s.c.l. 2.78 8 5 5 25
P 2897 Onawa s,c.l. 17.25 69 16 15 30
F 2898 Onawa s.1. 7.97 9 8 11 . 22
F 2899 Onawa v.f.s.l.© 3,16 0 4 5 11
F 2900 Sarpy s.c.. 4,10 5 4 5 11
F 2914 vebster s.c.l. 4,05 16 9 8 41
F 2915 WYebster s.c.l. 4,18 12 8 14 33

Cvery fine séndy loam

of yield of phosphorus on f,, independent of f3, also is
significant at the 1 percent level. The regressions of
rield of phosphorus on f3, the increase in extractable in=-
organic phosphorus by concentrated hydrochloric acid upon

> in eguation 14 and of £, in

In equations 16 and 17, the two fractions of inorgan-

i¢ phosphorus and the data on increase in extractable inorgan-
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ic phosphorus upon incubation by the combined acid and
alkali extraction method are used as independent varizbles,

The equations are:
”~

Y = 0.17 fi+ 0.33 £

i+ 0.16 (16}
+0.01 +0.03

Val
Y = 0.20 f2+ 0.20 f,+ 0,30 (17)

0,01 *0,03

The regressions of yield of phosnhorus on fl’ independens of
f3 in equation 16, and on fs, independent of f; in equatiscn
- 17, are significant at the 1 percent level. The regressions
of yield of phosphorus on f4, tihie increase in extractabls

incrganic phosphorus upon incubation, independent of f1 in

equation 16 and of £, in equation 17, also are significa=zz

2
at the 1 percent level.

The two fractions of inorganic phosphorus and the ds-
crease in extractable organic phosphorus upon incubation zs
determined with the combined acid and alkall extractiorn

method are the independent variables in the following ecuz-

tions:
A
T 2z 0.09 £+ 0.55 £ - 0.53 {133
+0.02 +0,06
A
T z 0.15 £+ 0.36 £5 _ 0.20 (2%}
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The regressions of vield of nhosphorus on fl’ independent of
f_ in equation 1Z, znd on f2, independent of f5 in eguation
19, are significant at the 1 percent level. The regressions
of yield of phosphorus on f5: the decrease in extractable
organic phosphorus upon incubation, independent of f1 in

equation 18 and of f2 in equation 19, also are significant

at the 1 percent level.

The two fractions of inorganic phosphorus and the frac-
tion of organic phosphorus soluble in a 1 percent potassium
carbonate~2 percent sodium hydroxide solution and hydrolyzed
by hypobromite are the dependent variables in eguations 20
and 21:

1
*0.02  to.03

% = 0.25 £+ 0.05 f7 - 0.35 (21)
0,02 t*o.o02

The regressions of yield of phosphorus on fl, independent
of f7 in equation 20, and on f,, independent of f7 in
equation 21, are significant at the 1 percent level. <he
regressions of yieid of phosphorus on f7, independent of
£y in eguation 20 =z=nd of f2 in equation 21,also are sig-
nificant at the 1 percent level.

Thus for the zlkaline soils there is evidence thzt the

yield of phosphorus znd hence the availability of soil



71

phosphorus to plants is correlated with most of the frac-
tions of orgsnic phosphorus measured in this experiment,
independent of correlation of any of these fractions with
fractions of inorganic phosphorus designed to estimate
availability of soil inorganic phosphorus. Only for the
frzction of organic phosphorus mineralized during incubation,
as measured by the increase in inorganic phosphorus extrac-
table upon incubation by concentrated hrydrochloric acid, is

no such independent correlation found.

In Table 13, the fractional recoveries of soluble in-
organic phosphnorus added to alkaline scils are listed, to=-
gether with the total amounts of organic phosphorus miner-
alized during incubation, as estimated from the average of
the increase in extractable inorganic phosphorus and the de-
crease in extractable organic phosphorus upon incubation
according to the combined acid and alkzli extraction method.
The estimeted avallabilities of organic phosphorus acquired
by multiplying the dats on organic phosphorus mineralized
during incubzt%tion with the correspondirg fractional recover-
ies are used =s independent variables iz the subseguent

equations.

In eguation 22, the data on inorgzzic phosphorus ob-
tained with the Bray and Xurtz method znd the data on esti-

mated availacility of organic phosphorus, designated as f8,
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Table 13, Zstizmzted relative availability of organic P
as derived from the fractional recovery of
added inorganic P and the orgenic P mineral-
ized during a l-week incubation at 40°0C

KBstimated rel-
Organic P ative availa-
Fraction- mineral- bility of or-

al recov- ized dur- ganic Z nin-
ery of ad- 1ing incu- eralized dur-
ded inor- bation, ing incuba-

Soil No. Soil type ganic P P.p.m, tion, p.p.m.

F 2848 Albaton s.e.® 1.22 9 11.0

T 2849 Ailbaton s.c. 1.40 4 5.6

F 2850 Albaton s.c. b 1.35 8 16.8

F 2851 4albaton s.c.l. 1.29 8 10.3

F 2852 ilbaton s.1.°© 1.46 5 7.3

T 2853 Albaton s.l. 1.10 40 44,0

F 2867 Hamburg s.1. 1.32 1 1.3

F 2868 Harpster s.c.l. 0.20 45 9.0

F 2869 Harpster s.c.l. 0.75 12 9.0

F 2870 Harpster s.c.l. 0.85 6 5.1

F 2871 Harpster s.ec.l. 0.82 9 1.4

F 2872 Harpster s.c.l. 0.39 8 3.1

F 2873 Harpster s.c.l. 0.21 7 1.5

F 2874 EHarpster s.c.l. 0.25 8 2.0

F 2875 Harpster s.,c.l. 0.22 10 2.2

F 2876 1Ida s.l. 0.48 3 1.4

F 2877 Ida s.l. 0.37 e 3.3

F 2878 1Ida s.1. 1.07 2 2.1

F 2879 TIde s.1l. 0.55 0 .0

F 2980 Ida s.1i. 0.85 1 0.9

85ilty cizy
bsilty clzay lozxm

Csilt loam
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Table 13, (continued)

Egtimated rel-
Organic P ative availas-
Fraction- mineral- bility of cor-
al reccv- ized dur- ganic P min-
ery of 24- ing incu- eralized dur-~

ded ingr- bation, ing incuba-

So0il No. Soil type ganic P P.D.m. tion, p.p.m.
2881 1Ida s.l. 1.2¢9 6 7.7
2882 1Ida s.l. G. 70 10 7.0
2885 Loess G.37 0 0.0
2890 Onawa s.c.l. 1.867 4 4,3
2891 Onawa s.c.l, 1.18 4 4.7
2892 Onawa s.c.l, 1.21 2 2.4
2893 Onawa s.c.l. 1.42 8 11.8
2894 Onawa s.c.l. 1.45 5 7.3
2895 Onawa s.c,.l. 1.32 3 4,0
2896 Onawa s.c.l. 1.45 5 7.3
2897 Onawa s.c.l. 0.92 16 14,7
2898 Onawa s.1l. 1.30 10 13,0
2899 Onawa v.f.s.1.%  1.34 5 6.7
2900 BSarpy s.c. 1.62 5 5.1
2914 Viebster s.c.l. c.8¢ 9 8.0
2915 Vebster s.c.l. 1.65 11 18,2

-l R R R - B B - R - R I - B A

dvery fine sandy loam

are used as independent varizbies, The following equation
was obtained:
¥ = 0.18 £+ 0.21 £5+1.02 (22)
+0.05 In.i4
The regression of yield of »roszzorus on fl, the inorganic
phosphorus according te the =Zrz7 znd Kurtz method, inde-
vendent of fg, is significzant 2% the 1 percent level. The

regression of yield of phosphzorus on f8, the estimated
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avallability of orgenic phosphorus, independent of fl’ is

not significant at the 5 percent level.

in equation 23, the data on inorganic phosphorus ob-
tained with the resin method and the same values of fg are
used as independent variasbles, The following equation was

calculated:

>

Y - Ona
0.03 *+0.10

f5 - 0.13 fg+1.11 (23)

-

14+

The regression of yield of phosphorus on f2, the inorganic
phosphorus according to the resin method, independent of f8’
is significant'at the 1 percent level. The negative re-
greséion of yield of phosphorus on f8’ the estimated avail-
ability of oiganic phosphorus, independent of f2, is not

significant at the 5 percent level.

In equation 24, the data on inorganic phosphorus ob-
tained with both the Eray and Kurtz and resin methods and
the data on estimated azvailabilities of organic phosphorus
are used as independent variables. The following equation
was obtained:

Y = _0.12 £3+ 0.39 £, - 0.06 £g+0.83  (24)
35.05 *0.05 ¥ 0.10
The negative regressicn of yield of phqsphorus on fl, the
inorganic phosphorus zccording to the Bray and Xurtz method,

independent of £, 228 £5, is significant at the 5 percent
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n)

level. The regression of yield of phosphorus on f., the
inorgenic phospherus according to the resin methoé, inde-

pendent of fl and Z5, is significant at the 1 percent

(%)

level. The regression of yield of phosphorus on £., the

(&8

estimated availability of organic phosphorus, indesendent

of fl and f2’ is pot significant at the 5 percent ievel.

In the following ecuations, the data on estizzted
availability of mineralized organic phosphorus are used for
soils with a fractiopal recovery coefficient less $han unity.
For soils with a fractional recovery coefficient greater
than unity, the data on total amounts of organic pkosphorus
mineralized during incubation as estimated from the average

of increase in extractable inorganic phosphorus azZ decrease

in extractable orgznic phosphorus upon incubation zre used.

In equation 25, the data on inorganic phosphorus ob-
tained with the Brzy znd XKurtz method and the datz on esti-
mated availability of organic phosphorus or on estimated
total organic phoszhorus mineralized during incubz3Zion,
designated as f,, zTe used as independent variabiss. The

7
following eguation was obtained:

T - 0.12 £.+ 0.47 £+ 0.47 (25)

1
0.6 +0,22
The regression of 7 ieslé of phosphorus on fl, the Izorganic

phosphorus acecording to the Bray and Xurtz methof, indepen-
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dent of f9, ig significant at a level gslightly higher than
that for 5 percent probability. The regression of yield of
phosphorus on f9, the estimated availability of organic

phosphorus or the estimated totel organic phosphorus miner-
alized during incubation, independent of fl, is significant

at the 5 percent level.

In equation 26, the data on inorganic phosphorus ob-
tained with the resin method and the same values of f9 are
used as independent variables. The following equation was
calculated:

% = 0.33 £5 = 0.25 f9+ 1.30 (26)

10.04  +0.15

The regression of yield of phosphorus on fa, the inorganic
phosphorus according to the resin method, independent of f9,
is significant at the 1 percent level. The negative regres-
sion of yield of phosphorus on f9, the estimated availa-
bility of organic phosphorus or the estimated total organic
phosphorus mineralized during incubation, independent of fz,

is not significant at the 5 percent level.

=
|

n ecuation 27, the datz on inorgsric phosphorus ob-

W

tained with tothr the Bray and Kurtz and resin methods and
the data on estimated availability of organic phosphorus
or on estimzted toctal organic phosphorus mineralized during

incubation are used as independent variables. The follow-



117

ing egusztion was obtained:

¥ 20,12 £,40.41 T, _ 0.15 g+ 0.99  (27)

+0,05 +0.05 +0.14

The negative regression of yield of nhosphorus on fl, the
inorgeznic phosphorus according to the Bray and Kurtz method,
independent of f2 and f9, is significant at the 5 percent
level. The regression of yield of phosphorus on f2, the
inorganic phosphorus according to the resin method, inde-
pendent of f1 and f9, is significant at the 1 percent level,
The negative regression of yield of phosphorus on f9, the
estimated aveilability of organic phosphorus or the esti-
mated total organic phosphorus mineralized during incubation,
indeperndent of fl and fe, is not significant at the 5 per-

cent level.

So0il Inorganic Phosphorus Avallability

The data obtained in this experiment yvield an opportuni-

o wridd

-

ty tc compare the suiltability of the Zray snd Hurtz method
:n method for estimating inorganic phosphorus

availazility in Iowa soils. Simple corrslsticon coefficients
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for yield of phcsphorus in the plants and the soil phospho-
rus extracted by the Bray and Kurtz method is 0.95; for yield
horus in the plants and the scil phosp?
by the resin method the correlation coefficient is 0.97.
Both correlation coefficients are significant at the 1 per-
cent level; the difference between them is not significant.
7ith the group of alkaline soils the correlation coefficient
for yleld of phosphorus in the plents and phosphorus ex-
tracted by the Bray and Kurtz method is 0.85; for yield of
phosohorus in the plants and phosphorus extracted by the
resin method the correlation coefficient is 0.95; both cor-
relation coefficients are significant at the 1 percent level.
The difference between them is significant at the 5 percent

level,

It is of interest to know further if the linear regres-
sion of yield of phosphorus on inorganic phosphorus extrac-
ted by the two methods is the same for acid and alkaline
soils., A covariance analysis made to test the similarity
shows that for the Bray and Xurtz method the difference in
slope between the two regression lines for acid and alkaline
soils is significant at the 5 percent level., For the resin
method the c¢ifference in slope between the two lines is

significant at the 1 percent level.



The role that organic phosphorus plays in phosphorus
nutrition of plants is still largely unknown., XHowever, in
the last 2 decades, investigators have made efforts to gain
informzation on the importance of soil organic phosphorus to
plant growth, and some progress has been made in this field.
Eid et 21. (1954) found that at a high soil temperature a
fraction of organic phosphorus hydrolyzed by hypobromite
was significantly correlated with soil phosphorus availa-
bility as estimated from plant response measurements, where-
as at a low soil temperature no significant correlation could
be found, They postulated that soil organic phosphorus per
se is without importance to plant growth and that it becomes
of importaence only after having been mineralized. Van Diest
{1955) reported that for alkaline soils a fraction of organic
phosphorus mineralized during incubation was significantly
correlated with yield of phosphorus in plants, thereby
supplying more evidence that only after mineralization or-
ganic phosphorus plays a role in phosphorus nutrition of

plants.

-3

0 evaluate the possible relationship between orgaaic
phosphorus and phosphorus uptake by plants, it appears that

estimates of both mineralization of organic phosphorus and
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the reszonse of plants to the increase in soil inorgenic

[\l

phoszzerus resulting from mineralizetion of organic phos-
phoruz —ust be obtained. The possibility exists that in
some instances the relationship is present but remains un-
noticed owing to large errors made in estimating either
the =ineralization of organic phosphorus or the response of

plants to this minerslization process or both,

The Pirst objective of this study was to find a plant-
resgonse method for estimating soil phosphorus availability
thet could be expected to reflect most sensitively any
change in soil phosphorus availability as a result of miner-
alizstion of organic phosphorus. Dos Santos et al. (1957)
founé that in soil-culture experiments the absolute vields
of the control plants that received no phosphorus fertili-
zatiocn 7ielded lower coefficients of wvariation and higher
coefficisnts of correlation with chemical estimates of soil
phossaorus aveilability than three other plant response
met=zsds sxamined. The difference in magnitude of the co-
efficisxts of correlation appeared to be attributable pri-
marily o differences in experimental error associzated with
the vzricus plant-response methods. As a result of these
finéinznzs, 2 plent-response metkod in which the absolute

ds of phosphorus in plants that received no phosphorus
=tion were messured, zg described in a nrevious sec-

tigrn, w== zdopted for the present investiigation.
2 P bl
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It was originelly intended to estimate in the different
soils the mineralization of orgsnic phosphorus taking place
during the growth period of the crop and at temperature
fluctuations equal to those to which the crop was subjected
by measuring the increasse in inorganic phosphorus and the
decrease in organic phosphorus extracted by concentrated
nydrochloric acid as a result of incubation. As was de-
scribed before, the results obtained with this extraction
technique made it necessary to investigate other possible
metnods for measuring the amounts of organic phosphorus
mineralized during incubation. Samples of all soils were
incubated for 1 week at 40°C, and the estimates of miner-
alization of organic phosphorus obtained when using this
incubation technique and a combined 1 N hydrochloric acid-

0.5 K hot ammonium hydroxide extraction method were used in

the calculations.

*hen for acid soils the phosphorus extracted by the
resin and Bray and Kurtz methods and the theoretically most
reiizble estimates of organic phosphorus mineralized during

neubstion were all used as independent wvariables in one

H

ecuziion, the resin method was found to bs superior to the

Bray and Kurtz method (equation 3). In subsecuent eguations

D

ne otner estimates of organic phosphorus mineralized during

ct
U]

rcudztion and the fraction of organic phosphorus hydrolyzed

Jte
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by hypobromite were used as independent variables together
with the resin method data (equations 4-10). 1In no case

be-
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4 major problem in phosphorus fertilization is the
speed at which and the extent to which phosphate fertilizers

i1l react with the scil in such a way that the
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availability of the added phosphorus to plants is reduced.
The phosphorus fixation capacities of different soils varj
widely, and consequently‘the effective quantities of phos-
phorus that remain in different soils after addition of a

fixed quantity of a soluble form of phosphorus are subject

to large wvaristion,

Mineralization of organic phosphorus can, to a certain
extent, be compared with phosphate fertilization. In Loth

nd

m

cases the guantity of inorganic »zosphorus is raised, :
the newly added inorganic phosphorus will gradually rezcd

c

3
e

with the soil. In the case of mineralization of orgs
phosphorus, the increase in inorgsznic phosphorus content of
the soil will proceed more graduz2:iy and the distribution

of the newly gained inorganic phosshorus will be more z7en

'

+353
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thrcughouv the soil than in the ¢zse of phosphorus

-~
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In the experiment in which the fractional recovery of
added inorganic phosphorus was studied, the inorganic phos-
phorus was dissolved in water and the concentration was
made such that 60;¢gm. of inorganic phosphorus were added
to l-gm. samples of soil in the 0.6 ml. of solution needed
to saturate the samples before they were incubated. This
technique ensured an even distribution of the added phos-
phorus throughout the semple and thus aided in approaching
the condition of increase in soil inorganic phosphorus as

a result of mineralization of organic phosphorus.

After 1 week of incubation the recovery of added in~
organic phosphorus was determined, and for each soll the
resulting fractional recovery coefficient was multiplied
by the quantity of organic phosphorus mineralized (as esti-
mated Trom the average of the increase in inorganic phos-
phorus and the decrease in organic phosphorus upon incuba-
tion). The resulting new estimates for availability of
organic phosphorus were used as independent variables,along
with the estimates of inorganic phosphorus aveilebility,
and new multiple-regression ecuations were calculated

{ecuations 8-10)}. In all cases a significant independent

.....

-

predicting nhosphorus availability to plants could now be

found.
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These results might explain why in the past some inves-
tigators failed to find a significant correlation between
yield of phosphorus in plants and estimates of mineralized
organic phosphorus in acid soils, while they did find =z cor-
relation in alkaline soils, Just as with some groups ¢?f
soils the total amount of phosphorus applied in fertiiizer
form is a poor estimate of the increase in phosphorus zvail-
ability, so with some groups of soils the total amount of
organic phosphorus mineralized is = poor estimate of the

availability of orgenic phosphorus.

For alkaline soils all estimates of organic phosphorus
mineralized during incubation, except the increase in in-
inorganic phosphorus- extractable by concentrated hydrochlor-

ic acid, and the fraction of organic phosphorus hydrolyzed
by hypobromite showed a significant independent effect of
value in predieting soil phosphorus availability to pliants

{equations 11-21),

“hen fractional recovery coefficients were detsrmined
for alkaline soils it was found that for more than 50 zercent
oY the soils the difference in extractable inorganic phos-
phorus between samples treated with inorganic phosphorus
and control samples was more than the amount of phospzorus
added to the treated sa2mples, This finding obviated z clear-
cut irnterpretation of the recovery coefficients. Ilievsrihe-

less, the estimated avzilebility of orgenic phosnphorus czl-
? “ .
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culated with thesé coefficients were used as independent
variables, along with the estimates of inorganic phos-
phorus availebility and new multiple-regression equations
were calculated. It was found that no significant inde-
pendent effect of value in predicting phosphorus avalla-
bility to plants could be assessed to the estimated avail-
abilities of organic phosphorus (eguations 22-24)}, con-
trary to the significant effect obtained with the estimates

of total organic phosphorus mineralized during incubation.

The combined acid-alkali extraction method used for
estimating the amounts of organic phosphorus mineralized
during incubation yields 100 percent recovery of added
phosphorus, as was reported by Thompson {(1950)., Thus it
can be expected that all organic phosphorus mineralized
during the incubation period will be extracted by the acid
and alkali. This being the case, application of fractional
recovery coefficients greater than unity will lead to fig-
ures for availability of organic phosphorus mineralized
whiéh exceed the actual amounts mineralized as estimated
by the use of the acid-alkali extraction method. There is
some reason o believe that for soils with fractional re-
covery coefficients greater than one the use of the esti-

mates of the tcial amounts of organic phosphorus minerali-
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ic phosphorus. Hultiple-regressions ecuations were calcu-

lated, using the former estimates for those soils for which

Ids

the

the fractional recovery coefficients exceeded unity an
latter estimates for those soils for which the fractional
recovery coefficients were smaller than unity. The equations
showed that these estimates were of gignificant independent
value in predicting soil phospnhorus avaeilability to plants
only when tested in connection with the dats obtained with

the Bray and Kurtz method (eguations 25-27).

As a result of the findings reported in the above dis-
cussion, the following speculations can be made. Vhen in-
organic phosphoius is added to soils either by application
of fertilizers or by mineralization of organic phosphorus,
at least two processes will take place. A part of the added
igorganié’phosphorus will be fixed in either chemical or
biological form in such a way that it can no longer be ex-
tracted by extractants used for estimating inorganic phos-
phorus availability., Simultaneously, the addition of in-
organic phosphorus will touch off mineralizztion of soil
organic phosphorus, whereupon a fraction of this inorganic

phosphorus resulting from mineralization will be fixed.

In acid soils the fixation process is probably pre-
dominant to such an extent that it masks any mineraliza-
tion of orgznic phosphorus that may be induced by addition

of inorgarnic phosphorus, where=zs in meny =21ixsliine soils
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tion of inorganic phosphorus is quantitatively of more im-
vortance in acid soils than in alksline soils, the use cf
fractional recovery coefficients in connection with esti-
mates of mineralized organic phosphorus in the former might
be more meaningful than when used in connection with the
latter. If such is the case, it is reasonable to expect
that the correlation between yield of phosphorus in plants
and organic phosphorus mineralized in acid soil will be im-
proved by the use of fractiomal recoverv coefficients,
whereas the opposite will take place with the alkaline soils.
The results of the foregoing experiments are in accordance

with this theory.

As a whole, the results of the experiments show that, in
acid soils, estimates of availability of organic phosphorus
and, in zlkaline soils, estimates of total amounts of organic
phosphorus mineralized during incubation are of significant
value in predicting phosphorus avsilability to plants. Fur-
ther work will be needed to examirne more exhaustively the
fixation of inorganic phosphorus zdded to soils and the
possible mineralization of orgenic phosvhorus brought about

by the added inorganic phosphorus.



sxperiments were conducted %o test the hypothesis that
soil organic phosphorus may be of sizgnificance in the phos-

phorus nutrition of plants. 3Seventy Iowa soils represent-

\ﬁ

ing a wide range in soil phosphorus zvallability were selec-

ted for this purpose.

A plant-response method wzs developed in which the ab-
solute yields of phosphorus in plants that received no
nhosphorus fertilization were measured, Mineralization of
organic phosphorus was estimatef by measuring the increase
in inorgenic phosphorus and the decrease in organic phos~
phorus removed from soil by different extractants as a re-
sult of incubation, and slso by measuring the amount of
organic phosphorus hydrolyzed by byosobromite in an alkali

soil extract.

Multiple-regression ecuations were calculated in which
the estimates of yield of phoszhorus obtained with the plant-
response method were used as tze denendent variable., The
independent variables were inorganic phosphorus extracted
by the Bray and Kurtz method zz2 the resin method and the
estimates of organic phosphorus minsralized during incuba-

tion or hydrolyzed by hynobromite.



89

Yith ecid soils no significant independent correlzticn
was found between yield-of-phosphorus data and the estimzties
of organic phosphorus mineralized during incubation or tze
fraction of organic phosphorus hvdrolyzed by hypobromite.
Subsequently, the availability of organic phosphorus minsr-
alized was estimated by determining for each soil the frac-
tional recovery of added inmorganic phosphorus in an incu-
bation experiment. ‘hen the estimates of organic nhosphorus
mineralized during incubation were multiplied by the corrss-
ponding fractional recovery coefficients, the resulting esti-
mates of availability of orgaric phosphorus mineralized

were of significant independsnt effect of value in predicting

phosphorus availability to plants.

Viith alkaline soils significant independent correlaticn
could be found between yield-of-phosphorus data and the esti-
mates of organic phosphorus mineralized during incubation
or the fraction of organic phosphorus hydrolyzed by hypo-
bromite., However, when the estimates of oréanic phosphorus
mineralized during incubation were multiplied by the cor-
responding fractional recovery coefficients, the resulting
estimates of aVallab*liuy ¢ organic phosphorus minereglizss

showed no significant independent effect of value in pre-

dicting phosphorus availability to plants.

On the basis of tike much higher fractional recoveries
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of the added inorganic phosphorus in alkaline than in acid
soils (with a number of =lkaline soils the fractional re-
covery exceeded unity)}, it was speculated that the improve-
ment in prediction of yield of phosphorus associated witz
the use of the fracticnal recovery data on acid soils re-
sulted because in tinese soils the phosphorus fixation was
of considerable importance. The lack of improvement in
prediction with the =z2lkaline soils, on the other hand, re-
sulted because in them phosphorus fixation was of relative-
ly less importance arnd also because the fractional reccvery
was affected strongly by processes other than fixation. ZIn
consequence of the latter, the theoretical meaning of the

fractional recovery was not the same in the alkaline soils

as in the acid soils.

As a whole, the results of the experiments show that,
in acid soils, estimstes of availability of organic phos-

phorus and, in alkasline soils, estimates of total amounts

o]
L]

of organic phosphorus mineralized during incubation are

ct
(o)

significant value in mredicting phosphorus availability

plants,
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