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INTRODUCTICN

In the earlier studies of soil fertility and plant
nutrltion workers sought to determine the amounts of nu-
trients in the soil by a totel chemical analysis. It was
found, however, that no practical correlations could be
drawn between the total amount of nutrlents and the require-
ments of plants. From this early concept there was a de-
clded reaction to the other extreme--zs exemplified by
Dyer's ciltric acid soluble phosphorus (15). This was the
concept of measuring quantitstively that portion of the
total amounts of nutrients which plants could actually
absorb. Dyer's method allowed rather broad correlations
with productivity, but its success was temporary since on
many solls it falled in the determination of specific cor-
relations and separated only a minute quantity of what 1s
now termed "acid-soluble" phosphorus.

The use of carbonic acld as an extractant simulating
the soil solution in the region of the root hairs is another
attempt to measure the amounts of phosphorus avallable to
plants. It has proven successful on the highly alkaline
solls of the western states, but on acld solls this method
has generally been unsatisfactorye.

Numerous dilute solutions of strong aclids have been
presented as separating the "available" fractions of phos-
phorus. Among these are O.1 N HNOz, 0,1 N HC1l and the

widely used .002 N H2804 of Truog (27}, However, it is

belisved by Bray (4} and others that this concept of avail-



abllity is erroneous. Usually, a plant nutrient occurs 1n
more than one form in the soll, with each form contribu-
ting to the nutrition of plants. The aclid-soluble fraction
is but one of the forms of the soil phosphorus. The most
recent concept calls for the use of extractants designed

to remove the various forms selectively or in combination.
Bray and Kurtz (7} have recently presented analytical meth-
ods for the determination of the acid-soluble, adsorbed and
organic fractions of the so0il phosphorus developed from stud-
ies on Illinois soils.

The mere determination of the fractions 1s useless un-
til their amounts are calibrated by observatlion on the specific
responses of crops to added phosphate on variocus soil typese.
The objective of this investigation was, therefore, to ana-
lyze, according to these methods, a number of Michigan soils
showing high and low response to added phosphate, to attempt
correlation of the amounts of the various fractions with
crop responses and to study the relationshlips of the frac-
tions with various soll properties. It was hoped that the
results might assist in evaluating further use of the me-
thods for determining soll management practlces under Mich-

i1gan conditions,



REVIEW OF LITERATURE

Acid-Soluble Phosphorus

In the literature, the term "forms" of soil phosphorus
is used 1nterchangeab1y'between actual phosphorus compounds
and the fractions soluble in a given extractant. The most
commonly accepted fraction is the "easily acid-soluble" phos-
phorus of Truog (27), which is soluble in .002 N sulfuric sc-
1d buffered to pH 3. Bray (5) staetes that this fraction usu-
ally represents a minor part of the total phosphorus and in
Illinols solls is generally present to the extent of 8 to
100 pounds per acre. It is more readlly avallsble to plants
than the difficultly soluble fraction-~that which is not sol-
uble to any important extent in the acld solvents employed in
the commonly used soilt ests--but it may vary in degree of a-
vallability from soil to soil because of differences in the
chemical nature of forms included 1n this fraction. On Minnew-
sota soils Rost and Pinckney (25) tessed 112 check plot samples
by Truog's method. They found that plots carrylng 25 lb. or
less of this fraction responded to superphosphate in sixty-nine
per cent of the cases and in seventy-three per cent of the cas-
es of those carrying between 26 eand 50 lb. phosphorus.

Using acid extractents of pH 2 and pH 5 on Maryland soils,
Fisher and Thomas (18} divided the inorgaenic soil phosphorus
into (a) amorphous and finely divided crystalline phosphates
of calcium, magneslium and manganese; (b} amorphous phosprates
of aluminum end iron; (c¢) Phosphorus adsorbed upon hydrous

oxides and that present 1In the form of
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apatite. By placing proper values upon the phosphorus cone
tained in each group 1t was found that snalyses by this me-
thod placed 22 soils in practically the identical order of
phosphorus requirements as that disclosed by pot tests,

A number of Kentucky soils were extracted with 25 dif-
ferent acld, base and salt solutions by Weeks and Karraker (30)
in an effort to compare the usefulness of the solutions in
measuring the availability of phosphorus in the soil. It
was found that there was no best extractant. They belleved
that for the practical purpose of estimating the phosphate
needs of soils, experience gained with the use of any one of
the extractants on a given soil is of more importance than the
extractant itself,

Fraps and Fudge (19) determined the solubility of phcs-
phorus in 34 Texas solls of low basiclty in 0.2 N nitric ac-
id, 0.75 N hydrochloric acid, .002 N sulfuriec acid and 0.52 N
acetic acid in 10% sodium acetate. They state that none of
the extractants give quantitative estimates of the gquantity
of phosphoric acid which 1s, or may become avallable to plants,
though there may be =2 significant relation between the guan-
tity dissolved by the extrsctants and the guantity taken up
by plants. The correlation coefficlents for the relation be-
tween phosphoric aclid removed by crops and that dissolved by
solvents were much grester for the mineral aclids, with the
.002 N sulfuric acld giving the highest value. Comparison of
the quantities of phosphoric acid dissolved by the weak sole
vents with those of total phosphoric acld showed that the

major part of the phosphorus in those solls is in the form of
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iron, galuminum, organic and adsorbed phosphates.

Using a quick-test technique (1 gram of soil shaken with
0.7 N HC1 for 10 minutes), Olson (21} found good correla-
ticons between amounts of phosphorus removed and crop response
to added phosphate with corn, lespedeza and pimientos. Cot-
ton did not glve a comparable correletion. It was conjec-
tured that the abllity of the cotton to feed upon the adsorbed

rhosphorus caused this difference.

Adsorbed Phosphorus

Recently concepts of the availlable forms of phosphonus
have been emplified and clarified by the general division of
certain soll phosphates into the adsorbed fraction as well as
the easlily acld-soluble forms.

As early as 1936 Truog (28) stated that below pH 6.5
and especially below pH 6.0 there 1s very little calcium
phosphate (acid-socluble} present unless recently supplied.
Usually less than five per cent of the supply was in this form
and he believed that phosphorus that may be measured as beilng
readily available comes largely from basic iron phosphate and
1s small in amount.

Davis (10) found that much of the phosphorus retained
at reactions below pH 6.5 is held differently when it is
added as HgPO4 than it is when added as Ca(HgPO4)2., Car-
bon dloxlde solution was used as an extractant. Lower amounts
were recovered when the HzPO4 was used.

It was believed by Dean (11} that phosphorus added to
acld soils tends to accumulate in the alkali-soluble (ad-

sorbed) forms, while phosphorus added to neutral or cale
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careous solls tends to accumulate in acid-soluble but al-
kall-insoluble forms.

Ammonium fluoride in neutral and acid solutions pro-
vided a means of fractionating the soll phosphorus as out-
lined by Bray and Dickmen (6). Various fluoride extrasction
methods for phosphate were applied to a large number of
8oils in an attempt to measure the amount of adsorbed phosw
phates separately from the acid-soluble forms. They found
that the addition of soluble phosphates to the soil increased
only the adsorbed fractions. Rock phosphate increased the
acid-saolubls pﬁosphate, but any conversion to adsorbed forms
was found to occur only in acid solls, pH 4.8 to 5.0. Soils
above pH 5.7 gave no lncrease 1n the adsorbed forms wlth
rock phosphate additions. Increasing the amount of adsorbed
forms by additlon of soluble phosphates rapidly increased
the ussage of these foarms by plants. Increasing the magni-
tude of the aclid-soluble fraction produced no significant ine
creases in crop growthe.

Kurtz, DeTurk and Bray (20) found that nearly all of
the phosphate added to sesmples of Illinois soils whlch was
not recoverable in a water extraction was found in the ad-
sorbed fraction. Conversion of the added phosphate into acid-
soluble (.002 N sulfuric acid) proceeded slowly. In parts
per million this conversion was not great, but it made up
from 50 per cent of the total amount where additions were
small to 5 per cent where additlions were large. Believing
that the phosphate extracted by the acld snd 1 N ammonium
fluoride could be utilized by plants they point out that the
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high recovery of the added phosphorus shows that 1ittle of
the phosphate could be considered "fixed" in a sense that 1t
would not be recoverable by plants.

Results with both oats and cotton indicated to Coleman
(9) that these plants can utilize large amounts of adsorbed
phosphate that could not be removed by Truog's dilute acld.
This method did not remove all of the phosphate that was avall-
able to those crops.

Dean and Rubins (13}, and Bray and Kurtz (7} arrived at
much the same conclusions concernling the effect of pH on the
acid-soluble and adsorbed phosphorus. The former state that
in acid soils most of the applied phosphorus occurs as ex=
changeable phosphorus whereas in slightly alkaline solls con-
taining o small amount of calcium carbonate the phosphorus
occurs mostly as salts of divalent bases. The transition
zone was found to be 1In the neilghborhood of pH 6. The latter
workers found that in untreated soils below a pH of 6.0 the
adsorbed forms are relatively more abundant than at higher
pH values. Added soluble phosphates change into these forms,
vhereas acid-soluble fractions are finelly gradually dissolved
and also increase the adsorbed forms. Above pH € the trend

was the opposite.

Organic Phosphorus

Pierre and Parker (23), experimenting on the avallability
of organic phosphorus to plants, found that the organic phos-
phorus concentration was five times that of the inorgenic phos-
phorus in the displaced soil solutions of 20 solls. Plants

would not absorb organic phosphorus from soll extracts of the
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dl splaced solution while in the same experiment plants ab-
sorbed all the inorganic phosphorus. They point out, how-
ever, that organic phosphates may be made avallable to
plants by biological agencies within the soil. The repide-
ity with which this tekes place 1s believed to be due largely
to the nature of the organic matter,

Rogers et al. (24) grew corn and tomato plants in the
water extracts and displaced soil solution of Webster silt
loam. The water soluble organic phosphorus was neither de-
composed by the root enzymes nor absorbed by the plants to
a measurable extent. These results are in agreement with
those of Plerre and Parker.

In a survey of organic phosphorus content of western
Oregon solls Bertramson and Stephenson (1) found that in old-
er solls the phosphorus tends to accumulate in the form of
rather stable organic compounds. They believed that these
0ld solls have become blologlcally lnactive and the old re-
sistant residue of humus no longer decomposes readlily or
liberates appreciable guantitlies of phosphorus even though
some of them were high in organic matter and organic phos-
phorus.

Thls concept 1s in agreement with the findings of Dyer
and Wrenshsell (16,17). They state that many soils having a
high concentration of orgenic phosphorus are very deficient
in avallable phosphorus, and that infertile, acid soils us-
ually contain a high proportion of this fraction.

In England, Dean (12) observed large amounts of organic
phosphorus with a close relation to the carbon content of

solls.
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Among dark-colored Iowa solls it was found by Pearson
end Simonson (22) that the Edina serles (planosol) and the
Carrington series (Iowan drift) contailned a greater per
centage of organic phosphorus than did the Marshall, which
1s formed on loess of a much more recent age. The two o0ld-
er solls are acld in reaction, while the Marshall is approx-
imately neutrsal.

From results with soll fungl Chang (8) concluded that
as long as the phosphorus requirements of organisms exceed
the amount derived by the organisms from orgasnic compounds
synthesis exceeds mineralization. When these organic phos-
phorus compounds provide more phosphorus than is required
for synthesis the excess 1s liberated as inorganic phosphor-
us.

Bray and Kurtz (7) sum up the importance of organic
phosphorus thus: "The organic forms of phosphorus are of
Importance in fertility because they are, in general, an
indirect source of the soluble forms. Phosphates, as well
as nitrates, are produced when soll organic matter is decom=-
posed. After lliberation, soll reactions sooner or later make
the phosphates a part of the adsorbed and scid-soluble forms.
Thus, they help counterbalence the effect of crop removal,
and in highly organic soils =2 good level of the avallable
forms 1s often maintalned over a period of years despite
crop removals. But i1t 1s the level of the avallable forms

already present, not the amount liberated from the organic
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matter durlng the growing season, which appears to determine
the fertility of the soll for tha season as far as phosphorus

is concerned."
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PIAN OF STUDY

In order to evaluate the correlations between crop
response Lo added phosphate and the quantities of acid-
soluble, adsorbed and organlc phosphorus in Michlgan soils
a number of solls were analyzed for these fractions accord-
ing to the procedures developed by Bray and Kurtz (7). Sam-
ples for this study were obtalned as follows:

In the spring of 1946 the Soil Science Department lald
out six 12' x 36' field plots at 105 locatlions in the lower
peninsula of Michigan for the purpose of studying correla
tions between crop response and rapid soll tests for potas-
sium, phosphorus and magnesium, Plots were established as

shown below, in flelds where legume hay or small graln was

grown.
B Pols : E Po05~-K20 - B |
A Check D P205-Kg0 |
L c Kg0 F P205-K20 - Mg |

For the laboratory determinations, 38 locations, repre-
senting 18 soil series, which showed high or low crop re-
sponse to added phosphorus were selected as follows:

Alfalfe: 13 solls showlng high response
12 soils showing low response

Wheat and oats; 7 soils showing high response
6 soils showlng low response
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Before fertillzer was broadcast, 18 auger borings to a
silx-inch depth were taken from each plot at each location.
Soils from the C plots (potash) and D plots ( phosphorus
end potash) were used in the analytical determinations.
(See Fig. 1 for locations.)

For the purpose of establishing possible relationships
between the fractions of the so0ll phosphorus and other soil
properties, pH, particle size distribution and organic mat-
ter content were also determined for easch location.

In order to test the reliapility of the field plot
yleld data and to observe the effects of phosphorus appli-
cations under controlled conditlons soils from ten of the
locations where alfalfe was grown were studied in a green-
house experiment. These included five low-respondling, and
five high-responding solls. Samples were composited from
sites adjacent to the perimeter of the plots near, or after
the close of the growing season. It was belleved that sam-
ples so collected would have a nutrient content and other
properties qulte similar to the soils In the plots before

fertilizer was applied.
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EXPERIMENTAL PROCEDURE

Laboratory Determinations

Prepsration of Soil Samples: At time of sampling,

solls had been dried and passed through a 2 mm. sieve. Pre-
liminary trials of the analyticsal procedures showed that for
accurate results finer samples were required. All samples
were therefore passed through a 35-mesh sieve. Duplicate
l-gram samples from the C and D plots of each location were
used for the determinations. Possible differences between
phOSpporus levels of the plots receiving no phosphorus and
those on which applications were made cculd thereby be al-
lowed for 1n correlating responses.

The following resgents were used in meking the deter-
minations:

Ammonium molybdate~hydrochloric scid: Dissolve 15 gm. of

reagent gradé ermonium molybdate in about 380 ml. of dis-
t11led water. Add 350 ml. 10 N hydrochloric scid with stire
ring. Cool to room temperature and dilute to 1000 ml. wlith
water.

Stannous chloride: Stock sclution is made by dilssolving 10

gm. of reagent grade stannous chloride dihydrete in 25 ml.

concentrated hydrochloric acid. The solution 1s kept in a

dark bottle and should be prepared fresh every two months.

Dilute reagent 1s made up by adding 1 ml. of the stock sol-
ution to 1/3 liter of water.

Approximately 0.5 N ammonium fluoride: 18.5 gm. solid ammon-

ium fluoride is dissolved in 1 liter of water and adjusted to

pH Te
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Approximetely 0.8 M boric acid solution: 50 gm. reagent

grade boric acid 1s dissolved in 1 liter of warm distilled

water.

0.1 RN hydrochloric acid: 8.1 ml. concentrated hydrochloric

acid is dlluted to 1000 ml. with water.

So0lid ammonium flhoride

0.5 N hydrochloric acid

Phosphorus-free hydrogen peroxide: 30% strength technical

grade hydrogen peroxide is distilled under reduced pressure

at a temperature not exceeding 60°C.

Total Adsorbed Phosphorus: One gram of NHj-saturated soil

was pleced in a 125 ml. Erlenmeyer flask together with 50 ml.
0.5 N ammonium fluoride and shaken for one hour in an end-
over-end shaker, After fliltering the suspension in a glsass

or Buchner funnel a 1C ml. aliquot of the clear filtrate was
transferred with a pipette intoc a 50 ml, grasduate cylinder.

15 ml. of 0.8 M boric aclid was added and the volume was brought
to exactly 35 ml. with water. Ten ml. of smmonium molybdate-~
hydrochloric aclid reagent was pipetted into the solution and
mixed, followed immediastely by & ml. of dilute stannous chlor-
ide solution. After mixing agaln and allowlng 5 minutes for
color to develop phosphorus concentration was determined in

an Evelyn photoelectric colorimeter equlipped with a 620 mu

filter.

Total Acid-soluble and Adsorbed Phosphorus: One gram

of air-dried soil was shaken with 50 ml. O.1 N hydrochloric
acld for 30 minutes. One gram of so0lid smmonium fluoride

was then added, maeking the solution spproximately 0.5 N in



fluoride and the shaking was continued for one hour. After
filtering the suspension and taking a 1C ml. aliquot the
procedure outlined before for Adsorbed Phosphorus was fol-
lowed. After determining phosphorus concentration in the
colorimeter the Total Acid-Scluble Phosphorus was calcu-
lated by difference.

Organlic Phosphorus: One grem of air-dried soil was

welighed into a large test tube graduated at 50 ml. Phos-
phorus-free Lydrogen peroxide, equivalent to approximately
15 ml. of 30 per cent strength and 10 ml. water were added
and mixed thoroughly. The tube was then placed in a hot
water bath for one hour. 15 ml. water, 1C ml. 0.5 N hydro-
chloric acld were added and the mixture was finally made
up to 50 ml. with water. After shaking 30 minutes, one gram
of ammonium fluoride was added and the suspension shaken for
an additional hour. Following filtration, a 10 ml. ali=-
quot was plsced in a 250 ml., besker, 15 ml. 0.8 H boric
acld was added, and the mixture was evaporated to dryness
on a hot plate. Ten ml. O.1 N hydrochloric acid was placed
in the besker and the mixture was again evaporated. Residue
was teken up with small portions of 0.1 N hydrochloric acid,
transferred to a 50 ml. grasduate cylinder, and phosphorus was
determined according to the procedure described above for
acid=-soluble and adsorbed phosphates.

The organic phosphorus is teken as the dlifference be-
tween the phosphorus removed by this procedure and that re-
moved from duplicate ssmples 1in the ascid-soluble and adsorbed

phosphate determination.



Orgaenic matter content was determined by the wet com-
bustion method of Walkley and Black (29).
The Bydrometer method of Bouyoucos (3) was used in mak-

ing the mechanical analyses.

Hydrogen lon concentration was determined with the glass

electrode.

Data on the above soll properties is gilven in Tebles 5
and 6.

Greenhouse Experiment:

Soils from the 10 locations were sieved through a %-
inch screen. The experiment was set up to provide fertlila
izer treatments simllar to those received by the fleld plots.
Since the feedling area of the roots was limlted, fertilizer
applications were double those applied to the fleld plotse.
Fertllizer salts were thoroughly mixed with the soils in
2~-gallon glazed pots with each treatment set up in trip-
licate as follows:

A. Check. 50 1lb. nitrogen per acre as sammonlum sul-
fate to start seedlings.

B. 300 1lb. Pg0g5 per acre as mono-celclum phosphate
plus 50 1lb. nitrogen as ammonium sulfate.

C. 300 1lb. K20 per acre as potassium chloride plus
50 1lb. nitrogen ss ammonium sulfate.

Ds 300 1b. P205 per acre as mono-calcium phosphate
plus 300 1lb. KoO0 as potassium chloride with 50
1b. nitrogen per acre ss ammonium sulfate.
After mixing, the soll was moistened in excess of mols=-
ture equivalent and mainteined thus for one week previous to

seeding. Alfalfa (Hardligan variety} was seeded in the pots

on February 15th. The soils were malntained at close to



their moisture equivalent (as determined by the suction
method of Bouyoucos (2) ) until six weeks after seeding
after which time water was added as required. First cut-

ting was made May 4th and the seco® cutting June 10th.



DISCUSSION OF RESULTS

Analytical Determinations:

Soils were designated "high-responding" or "low-respond-
ing" according to whether incresse in yield of alfalfa or
small greln was above or below the mean incresse for the re-
épective crops. Mean yields, the amounts of total adsorbed,
acid-soluble, total adsorbed plus acid-soluble, and organic
phosphorus, together with the sum of the three fractions 1s
glven in Tables 1-4. This date is presented graphically in
Figs. 2 and 3.

Scils on Which Alfalfa was Grown: The total adsorbed

fraction ranged from 21 to 90 ppm., wlth an average of 41 ppm.
on the low-responding scadlls. ©On soils showling high response
the range was from 11 to 35 ppm. and averaged only 22 ppm.,

or 19 ppm. less than the low-responding solls.

Acid-scluble phosphorus ranged from 57 to 126 ppm.,
averaging 78 ppm., in the low-responding solls, and from
15 to 101 ppm. with an average of 49 ppm. in the high«respond-
ing soils. It is of interest to note that while the soll
(#52) witk 101 ppm. acid-soluble phosphorus was highest for
this fraction it was extremely low (13 ppm.)} in the adsorbed
fraction and showed a slgnificant response to added phos-
phorus .

Contents of the total adsorbed plus acld-scluble phos-
phorus varied in the low-responding soils from 81 to 182 ppm.,
averaging 119 ppm., whlle in soils of high response the var-
iation was between 29 and 116 ppm. with a mean of only 71 ppm.

With organic phosphorus the trend wes reversed. 1In the
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low-responding soils there was a range from O to 145 ppm.
with a mean of 71 ppme The high-responding soils, however,
had an extreme range from 17 to 337 ppm. and a mean of 117
ppm. Three solls with a large organic phosphorus conteant
were responsible for the high average.

Where amounts of total adsorbed purs acid-soluble plus
organic phosphorus were compared the range 1n low-responding
soils was from 135 to 327 ppm.; that in the high-responding
solls from 78 to 338 ppm., while the averages were nearly
equal--189 ppm. in the former and 188 ppm. in the latter
group.

Soils on Whlch Small Graln was Grown: Differences in

the contents of the varlous fractilons of the soil phosphorus
were not so marked between high-~ and low-responding soils as
they were on the alfalfa plots. In low-responding solls the
total adsorbed phosphorus varied from 20 to 61 ppm., average
ing 39 ppm., while on high-responding soils the range was
from 26 to 78 ppm. and averaged 46 ppme.

Acid-soluble phosphorus ranged from 53 to 123 ppm., with
an average of 87 ppm., in the low~responding soils. In the
high-responding soils this fractlion showed & range from 38 to
112 ppm., while averaging 75 ppm.

Soils showing low response indicated a variation of
from 76 to 184 ppm. totasl edsorbed phosphorus plus acid-
soluble phosphorus while averaging 127 ppm. High-responding
soils were but little different, with a range from 65 to 190
pom. and an average content of 122 ppm.

The trend in organic phosphorus was opposite to that



found in the solls on which alfalfa was grown. Those soils
showing the greatest incresses in yleld contained the highest
average amount of organic phosphorus. Such was not the case
with small grain. In solls showing low response the range
was from 8 to 181 ppm. with an average of 102 ppm., but in
high-responding solls with a range from O to 78 ppm. the
average was only 53 ppm.

These differences 1n organic phosphorus caused the sum
of the fractions in the low-responding soils to vary from
146 to 365 ppm. and to average 230 ppm. whlle the high-re-
sponding solls showed a range from 101 to 221 ppm. and an

average of 175 ppm.

Correlation with Crop Response:

Alfalfa: The reletionship between the response of alfal-
fa to added phosphate and the contents of the subject fractions
of soll phosphorus or combinations thereof are shown 1in
Figs. 4, 5, 6, 7, and 8. Correlation coefficlents were de-
termined and significance established according to Fisher's
Tables. For the number of determinations 1n this study a
correlation coefficient of -.49 was necessary for a relation-
ship to be of significnee.

The relation between the total adsorbed phosphorus and
response of slfalfa to added phosphorus produced a correla=
tion coefficient of -.47, which is barely significant (Fig. 4).
With the acid~scluble fraction there was no significant rels-
tionship (ryx = -.41) (Fig. 5). This low correlation may
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be explained through reference to Fige 2. There 1t will be
seen that flve of the solls with greater than mean yield in-
crease had an acid~soluble phosphorus content of more than
50 ppm., or equal to the acid-soluble phosphorus content of
elght of the soils showling less than mean increase in yileld,

Of the five soil phosphorus fractions or combinations
of fractions, the adsorbed plus acid-soluble gave the most
significant correlation (ryx = -.54) Fig. 6). This is in
harmony with the observations of Bray and Dickman (6), who
pointed out that crop growth and response for the soils
and crops of Illinols are generally correlated with the rela-
tive amounts of all fractions present, not with the amount
of any one fractlion. Bray# has also stated that the rapid
test which removes a portion of both fractions gives a bet=-
ter correlation with crop response than laboratory methods
gspecific for the total amount of each form.

There was apparently no relationship whatsoever between
the organic phosphorus and response of alfalfa (Fig. 7). 1In
this case the correlation coefficlent was 4.33. This value,
if taken literally, would indlcate that alfalfa responded
more to added phosphate on soills of high organlc phosphorus
content than on soils low in this fraction. This is, of
course, an impossible situation, but it does serve to point
out that the organic phosphorus is totslly uvnavailable to
alfalfa.

The correlation coefficlent of ~,02, calculated for the
relation between the sum of the fractions and yield increase

#Private communication.
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of alfalfa (Fig. 8) emphasized the futility of attempting

to link the orgenic phosphorus 1n any way with crop response
In a siggle season. It will be observed here that the sig-
nificant correlation found with the adsorbed plus acid-sol-
uble fractions (ryx = -.54) is completely nullified when
correlation 1is attempted between those fractions plus organ-
ic phosphorus and response of alfalfa (ryx = -.02}.

Oats: Since analytical data was available only for nine
solls on which oats were grown, 1t was decided that with so
limited a number of items statistical treatment was of no
value. From a comparlison of Tables 3 and 4, however, it will
be seen that although the high- and low-responding soils con-
tain simrllar average amounts of adsorbed and acid-soluble
phosphorus there 1s a sharp difference between the average
amounts of organic phosphorus present. The high-responding
solls contained half as much of this fraction (53 ppm.)} as
the low-responding soils (102 ppm.}. Thls relationship
appears to be in direct opposition with correlations in alfal-
fa wleld increases where the organic phosphorus had no effect
on response. Since none of the high-responding solls are
regarded as 1lnherently fertile, while three of the four low-
responding soils have a medium to high natural productivity,
an explanation may be afforded by the observations of Wynd
and Noggle (32).

They indicate that the growth of cats on some Kansas
solls was more affected by the amount of replaceable bases
in solls than by the content of adsorbed, acid-soluble or

adsorbed plus acid-soluble phosphorus. Although no data on
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content of exchangesble bases in the subject solls was com-
piled, the fact that those showlng the lowest phosphate re-
sponse were of good fertility indicates a similar relstion-
ship. The average organic matter content was considerably

above that of the hlgh-responding solls, also. (Tebles 5 and €).

Relationshlips between Soil Phosphorus end Soll Properties:

Past Mansgement: A study of fertilizer applications

by farmers on all locations previous to establishment of

the plots was made. There was no uniformity eilther as to

the amounts or kinds of fertilizers used, but the over-sll
study revealed that soils to which phosphate had been added

in 1944 or 1945 averaged 41 ppm. total adsorbed phosphorus,
while unfertlilized soils averaged only 27 ppm. No such re-
lationship was evident with the acid-scluble fraction.. Fer-
tilized soils averaged 72 ppm. to €7 ppm. in the unfertilized
solils. Nine of the 22 high-responding soils and 11 of the 16
low-responding soils were fertiliged in 1944 or 1945 (Tables
1-4}. Since superphosphate rather then rock phosphate 1s the
prevailing amendment in Michigan the observations of Bray and
Dickman are born out (6). Under Illinoils conditions they found
that in acld solls added soluble phosphates rapidly change into
the adsorbed forms, whereas acid-soluble portions are gradual-
ly dissolved and very slowly increase the adsorbed forms.

Influence of Soil Acldity: Of the soils above pH 6.8

1t was found that 11 showed little or no response to added
phosphate while only 2 showed a high response. Twenty-nilne

soils (Tables 5 and 6) were definitely scid in reaction



Table 5. Soll properties. Per cent organic matter, pH and

per cent sand, silt end clay of soils showing high
response to added phosphsate.

T Plot Orgenic
No. Soill Tyrpe Matter pH Sand Silt Clay
4 3 % %
24 Conover loam 1l.48 6.7 56 34 10
25 Conover loamnm 1.43 6.9 E8 26 16
27 Coloma sand 0.85 6.7 87 g 4
33 Oshtemo loamy sand 3.84 6.5 80 10 10

38 Brookston sandy clay loam 2.08 6.6 60 22 12

49 Fox sandy loam 0.83 5.6 72 22 6
50 Miami clay loam 1.47 6.2 50 26 24
52 Mlami sendy clay leam 1.43 6.6 64 24 12
54 Napanee clay loam 1.89 6.5 64 22 14
' 60 Isabella sandy loam 1.40 6.7 74 20 6
63 Ogemaw sandy loam 3.00 7.2 74 14 12
69 Miami clay loam 2.10 6.0 38 20 42

73 Brookston sandy clay loam 2.02 6.7 52 28 20

75 Napanee clay 1.79 5.9 50 12 38
79 Arenac sand 0.96 6.1 02 o 3
83 Nester loam 0.83- 6.0 48 52 10
88 Emmett sandy loam 1.95 6.8 58 26 16
93 Selkirk loam 1.97 6.7 52 28 20
96 Conover loam 1.87 645 42 40 18

98 Berrien loamy seand 1.30 5.3 88 12 7




Table 6. Soil properties (cont'd.}. Per cent organic mat-
ter, pH and per cent sand, silt and clay of soils
showing low response to added phosphate.

Plot Organlic

No. Soll Type Matter pH Sand Silt Clay

4 7o P %

7 Fox loam 1.43 6.9 48 30 22
11 Miaml clay loam 1.32 6.9 52 25 33
20 Bellefontaine sandy loam 0.83 6.8 70 18 12
21 Miami loam 1.82 5.3 48 28 24
22 Conover loam 1.56 6.6 58 26 16
28 Miami loam 1,74 7.8 58 24 18
34 Brady sandy loam 1.50 7.0 74 14 12
36 Mlemi clay loam 1.30 5.8 44 34 22
42 Coloma sand 0.54 6.1 89 7 4
47 Gilford locamy sand 2.02 7.3 82 11 7
48 Fox loamy sand 2.10 5.9 82 13 5
51 Miami sandy loam 1.43 €.0 76 18 6
53 Napanee clay loam 2,13 6.6 52 30 18
62 Kawkawlin loamy sand 1.74 7ed 82 12 6
65 Kawkawlin sendy loam 2.86 o7 68 25 17
80 Nester loem 1.76 7.0 €4 20 16
85 Nester =sandy loam 1.82 6.7 78 12 10
108 Isabella sandy loam 1.27 6.9 75 20 g
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(below pH 6.8 )« Six of these were low in their response
while 23 gave slgnificant increases in yield. This com=-
perison is in accord with the recommendations of Scarseth
(26) and numerous other workers, who show that maximum
phosphate avallebillity occurs Jjust below neutrality.

The relation between pH and per cent total adsorbed
phosphorus in the total adsorbed plus acid-scluble come
bination 1s shown in Fig. 9. There is a wide scattering
of points and no trend is evident. Dean and Rubins (13)
steted that the adsorbed fraction increased with acidity,
especially below pH 6, while in sllightly 2lkaline solls
the acid-soluble fraction gredominated. The transition
zone, they belleved, began in the nelghborhood of pH 6,
Since the majority of the soils studied fell into this
transition zone between pH € and pH 7 the lack of definlte
relationship may be explained.

Influence of Orgsnic Matter: As is shown in Fig. 1@,

the gquantity of organic phosphorus generally incressed with
organic metter content. This might well be expected, but,
as Dickman and DeTurk (14) point out, the amounts are not
proportional. The orgenic matter contents of the majorlty
of the solls studied varied in the narrow range between
1 and 2 per cent, as found by the wet combustion method,
and within such limits a clean-cut trend in the relastion-
ship 1s difficult to follow.

Wynd and Noggle (31) found a positive relationship

between organic matter content and adsorbed phosphorus in
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some solls of Kensas. This relationship is not evident
in the solls studied, as is shown in Fig. 11. Again,

the difference in results may bte due to the low content
and narrow range of organic matter in these soils. In
Fige 11 it will be noted that there is a large number of
of solls contalning between 1.25% end 2.25% prganic matter
end that within thls range the distribution of aedsorbed
prhosphorus 1s scattered without noticeable trend within
the limits of 10 and 45 ppme In addition, the two soils
highest in adsorbed phosphorus were among the lowest in
organic matter content, while the three soils highest

in organic matter were only medium in adsorbed phosphorus.

Influence of Particle Size Distribution: An inspec-

tion of Tables 5 and 6 reveals nothing to 1ndicate rels-
tionship between per cent of sand, silt or clay with re-
sponse or with content of any phosphorus fraction. In
several instances representatives of the same soll seriles
or scil type are found among the high-responding and also
among the low~responding soils. From this study no gener-
slizations can be drawn as to the behavior of a glven soll
series when phosphate 1s added, or to i1ts phosphorus cone
tents Past cropping history and soll management practices
eppear to be far more important than intrinsic character-
istics of the soil itself in eppralsing its phosphorus
fertilitye.



Creenhouse Results:

In the pot experiments duplicating field plot trest-
ments on ten solls where alfalfa was grown, yields were
comparable in result if not in magnitude with field re-
sults on the high~responding soils. (See Table 7 and
Plates 4, 5, 7, 8 and 9). 1In some instances yields were
bhigher, elsewhere lower, than the field results. In the
greehhouse, crop responses were intensified by phosphate
addition. As a result, solls from locations 11, 21 and 22,
(Plates 1, 2 and 3} which gave low response in the field,
produced marked response to phosphorus in the pot experi-
ments. On the other hand, solls from locations 36 and 65,
which were also low-responding, (Plates 6 and 10) showed
quite comparable ylelds.

It is important to note that all three of the soils
mentioned as having shown low response in the field and
high response in the greenhouse were collected from loca-
tions in southern Clinton County (Fig. 1}. In 1946 this
area was subject to one of the worst droughts in the history
of central Michigan, and it would appear that the lack of
fleld response might have been due simply to a lack of suf-
ficlent moisture. Reinfall was apparently sufficient, how-
ever, to allow added potash salts to become soluble, for
yield increases due to this amendment were marked in each
of the three soils.

The data in Table 1 show that these three soils were
not particularly high in the total adsorbed plus acid-scl-

uble phosphorus among the low-responding solls, and when
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alfalfa was grown under conditions of plentiful moisture
the defliclencles showed up. If we allow for the fact that
soll teken from location 22 would have shown high response
under favorable moisture conditions then the Conover series
provides one exception to the previous statement--that no
generallzatlions can be drawn as to the behavior of a given
soll serles to added phosphate. Including location 22, all
four samples of Conover showed high response. If the green-
house results are an indication of responses that might be
expected In a growlng season with sufficient moisture then
the foregoing discussion provides an example of the need
for several years yleld data in an investigation of this
kind.

As might be expected, ylelds of the second cutting
tended to level off between treatments slthough response
indications were still definite. On the B treatment pots
(phosphorus only) potash deficiency was noted in the second
crop on soils 33, 38, 54, 25, 65 and 63. Leaf margins
yellowed end the characterlstic whilte dots appeared over
the entire surfsces of the leaves. Of these, only soll 65
showed low response to phosphate in the field results, in-
dicating a rather low genersl fertility level in the se
solls.,



Table 7. Effect of added phosphorus on fieléd plect and
greenhouse yields of alfalfa. (First cutting).
Treatment
Plot
No. Soll Type Location Check P K PK
11 Miamil clay loam Tlelad 3.82 3.92 4,05 4.13
Greenhouse 1,78 2:.23 1.35 1,21
21 Miaml loam Fleld 1.87 2.56 2.58 2,77
Greenhouse 1.04 2.62 1.31 2.88
22 Conover loam Fleld 1.71 2.6 2.70 3.01
Greenhouse 1l.39 3.0l 1.70 3.44
25 Conover loam Field 1.84 2.80 2.14 3.17
Greenhouse 0.86 2.10 1.04 2.52
33 Oshtemo loamy sand Fiela 1.52 2.66 1.56 2.54
Greenhouse 1.1%7 2,53 1l.57 2.53
36 Mlaml cley loam Fielad 2.80 3,00 3,33 2.82
G’reenhouse 2010 2.55 1'75 2.00
38 Brookston clay loam FIleld 1.76 2.59 2.21 3.25
Greenhouse 1l.35 2.10 1l.26 3.53
54 Napsnee clay loam Field 1.47 2.38 1l.16 3.31
Greenhouse 0,65 1.66 0.69 3.22
63 Ogemaw sandy loam Fielad 1.26 1.97 1.63 2.99
Greenhouse 1l.78 2.23 1l.61 2.53
65 Kawkawlin loamy sand Fleld 2.91 3,09 3.28 2.91
Creenhouse 3.30 3.40 3.87 3.25
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SUMMARY AND CONCLUSIONS

In this investigation, involving greenhouse and labor-
atory studies, the objective was to determine the contents
of adsorbed, acld-scluble and organic phosphorus in & number
of solls showing high response and low response to added
phosphate fertilizer. An attempt was made to correlate these
fractions with gesponse of alfalfa and small grain and to
study the relatlionships between various soll properties and
the forms of soll phosphoruse

In addition to the ansalyses for phosphorus, determin-
atlons for pH, organic matter and particle size distribu-
tion were conducted. In the greenhouse an experiment was
set ﬁp to compare crop response under controlled conditions
wlth responses observed 1In field plots.

As a result of these studies the following statements
can be made:

1. With alfalfa, soils showling high response to ad-
ded phosphate averaged considerably lower in adsorbed and in
acid soluble phosphorus; much higher in organic phosphorus,
and nearly the same 1n the sum of the three forms as solls
showing low response.

2, The most significant negative correlation between
increase in alfslfa yield and forms of soil phosphorus was
found in the total adsorbed plus acid-soluble phosphoruse.

3., There was absolutely no correlation between increase
in alfalfa yield withsdded phosphate and the organic phos-

phorus content of soils. This lack of relationshlip was car-



ried over into the correlation between the sum of the three

forms and alfalfa response.

4. Response in oats to phosphate apparently had the
highest correlation with organic phosphorus content. Since
this is in direct opposition to the findings with alfalfa
it is possible that exchangeable base content, rether than
phosphorus level, is responsible for the apparent anomaly.

5. A residual effect was observed from fertilizers
aprlied previous to establishment of the plots. This carry-
over wes in the adsorbed fraction rather then the acid-— sol-
uble fraction.

6. It was indicated that maximum phosphate avalla-
bility in the solls studled occurs just below the neutrsl
point. The majority of solls above pH 6.8 showed little
or no response to added phosphate while an equally large
majority below pH 6.8 showed high response. There was a
wide veariation of phosphorus content in both series.

7. With increase in organic matter content orgenic
phosphorus also incressed, though not proportionally.

8. No relationship could be discerned between organ-
ic matter content and amount of adsorbed phosphorus. This
may be due to the narrow range (1.25--2.25%) of organic
matter in which the ma jority of the solls fell.

9., Particle size distribution is of no vslue in ap-
preising phosphorus level or forms. Representatives of
the same soll type were found in both high~ and low-re-

sponding soils.



10, A greenhouse experiment produced ylelds which
were comparable to field results on high-responding soils.
Responses were intensified under controlled conditions and
three soils which showed low response in the field produced
substantial increases in the greenhouse.

11, In view of the above, 1t is believed trat seversl
years' yleld data should be accumulated before a soll is fin-
ally adjudged high- or low in response to added phosphate.
From the data reported herein no correlation of very high
significance was found between the fractions of the soll
phosphorus and crop response to added phosphate. The best
correlation was found in the adsorbed plus acid-soluble
phosphorus rather than in any single fraction determined.
These results concur with findings of the orlginators of the

analytical methods used.
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Plates -10. The effect of added phosphorus on the growth
of alfalfa on soils from 10 locations. Pee
Table 7 for yield data,. °hotographs made 2
weeks after seeding.

Plate 1. plot No. 11. Miami clay loam.

plate 2. Plot No. PI. Miami loam.



Plate 3. 'Plot No. ’Zs» Conover loam.

Plate 4. Plot No. 25. Conover loam.
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Plate 5. Plot No. 33. Oshtemo loamy sand

Plate 6. Plot No. 36. Miami clay loam.
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Plate 8. Plot No. 54. Nappanee clay loam.



Plot No. 63. Ogemaw sandy loam,

plate 10. Plot No. 65. Kawkawlin loamy sand.
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